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  Chapter 1                           Objective and Approach
CHAPTER 1 
Objective and Approach  
The Nobel Prize in Chemistry in 2000 awarded to Alan J. Heeger, Alan G. MacDiarmid 
and Hideki Shirakawa opened an entire new field for the discovery and development of 
conducting polymers. Conducting polymers have received much attention because of 
various technological applications [1-4]. Applications as transparent electrode in organic 
light-emitting diodes substituting traditionally used oxides [5-8], in photoelectrochemical 
cells [9], in intrinsically conducting shielding adhesives [10], in humidity and gas sensors 
[11-15], in corrosion protections [16-19] and in rectifying double layer devices [20, 21]. 
Conducting polymers such as polypyrrole and polythiophene are often synthesized by 
electrochemical oxidative coupling of the heterocyclic moieties of the monomers. Direct 
electropolymerization at a metal anode is of special interest from the point of view of 
surface coatings with organic films. First, the conductivity of the growing layer allows an 
easy control of the film thickness, which is in contrast to similar processes where 
intrinsically insulating polymers are electrochemically deposited. Second, there are many 
promising applications: they range from protective layers to electronic devices [19-23]. 
1.1 Aim of Work 
In most cases, electrodeposition of conducting polymers (aniline, pyrrole, etc.) is carried 
out on inert electrodes and results in the precipitation of the growing polymer to form 
upon the electrode surface an insoluble layer, mechanically attached, but easily peeled 
off.  To circumvent the problems raised by such weakly bound coatings we designed 
special bifunctional molecules capable of organizing as self-assembled monolayers on 
oxidisable metals and can sustain the electrodeposition of conductive polymers to yield 
electroactive films with good morphological, adherence and electronic properties. The 
choice of each moiety is specific.  
Previous work in our group was emphasized on pyrrole and thiophene derivatives  
(Scheme 1.1). The derivatives listed in Scheme 1.1 functions very well as adhesion 
promoters for grafting strong adhesive polypyrrole (PPY) and polythiophene (PT) films 
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on metal/metal oxide surfaces. Soluble Poly(ω-(pyrrol-3-yl alkyl) phosphonic acids) 
found application as humidity sensors [24]. 3-alkylthienyl phosphonic acids were used in 
corrosion resistant coatings [25]. 
 
N
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-(CH2) PO3H2
-SiCl3
-SiCl(Me)2
-Si(OMe)3
-(CH2) PO3H2
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Scheme 1.1 Functionalised derivatives synthesised by our group 
 
This work is the extension of my master work where I dealt with synthesis, 
characterisation and application of class [a] molecules (Scheme 1.1) [26].  
The aim of this work can be broadly classified into three parts. The most challenging part 
was the synthesis and characterisation of the specially designed molecules (SNSnP and 
SNSnTMS), which function as an adhesion promoter (Scheme 1.2) and are capable of 
self-assembling on metal oxide substrates. 
The second objective was to study the formation and properties of SNSnP and SNSnTMS 
monolayers adsorbed on Ti/TiO2, Al/Al2O3 and Si/SiO2. Various analytical tools were 
used for characterisation of the adsorbed surface.  
The third and the most interesting part was grafting of the conducting layers on the 
modified surfaces and to study the properties of the deposited polymer. 
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The especially designed novel self-assembling molecule consists of three parts: 
Terminal, Spacer and Head groups (Scheme 1.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.2 Design of the self-assembling molecule 
• Affinity to 
       metal oxide 
      
Terminal Group 
• Important for 
      self-assembling
• Polymerisable  
• Low oxidation  
      potential 
Spacer Group Head Group 
- PO3H2, Si(OMe)3 (CH2)n, n= 2….12Pyrrole, 2,5-Dithienylpyrrole 
 
We have synthesized two classes of derivatives differing in their terminal group, namely 
pyrrole and 2,5-dithienylpyrrole (Scheme 1.3). Both the groups are good examples of 
functional utility where subsequent chemistry can impart useful and specific properties to 
the material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C10PhP, C12PhP     SNSnP (n = 4, 6, 10, 12)     SNSnTMS (n= 6, 11) ArP 
N
SNSSNS
CH2PO3H2
n
R
( )
R= Si(OMe)3, PO3H2
n= 4, 6, 10, 12
(CH2)n PO3H2
n= 10, 12 
Scheme 1.3 Pyrrole and 2,5-dithienylpyrrole based derivatives 
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In the first case pyrrole was chosen for synthesis because of easy tailoring of properties 
by substitution, low oxidation potential and easy polymerization in aqueous and non-
aqueous media. Then our choice was further restricted to 3-phenylpyrrole in order to 
reduce the structural defects in the resulting polymer. Well-developed methods of 
synthesis of substituted pyrrole monomers have been reported and substitutents are 
numerous, including crown ethers [27], metallocenes [28], amino acids, peptides, 
proteins and enzyme derived species [29]. The reported derivatives C10PhP and C12PhP 
are new of their kind and functions very good as adhesion promoters. However, 
introduction of substitutent groups on pyrrole has a detrimental influence and often 
results in materials with poor electronic conductivity. This is attributed to the neighboring 
group steric interactions that reduce the conjugation length of the polymer strands and is 
most noticeably the case for N-substituted pyrroles. In addition to this effect, a high 
density of functional groups inhibits inter-chain electron transfer that lowers conductivity 
[30].  
Consequently, our interest has been focused on trimeric species namely 2,5-
dithienylpyrrole system. This approach leads to materials with a lower proportion of 
functional groups and higher conductivities were observed.  
Besides serving the primary function of adhesion promoter, polymerization of these small 
oligomer units yield copolymer materials that have a well defined prescribed structure. 
The monomers are redox active. They have low anodic bias potential and are still very 
stable. Homopolymer films of the synthesized monomers were deposited successfully on 
oxide substrates (ITO, Ti/TiO2). This methodology also serves to modulate the properties 
of thiophene units by the presence of functionalised pyrrole unit in the middle.  
An additional motivation for studies involving functionalized oligomers also arises from 
reports that soluble polymers can be produced from these precursors thereby offering 
enhanced processibility for practical applications. We are concerned with the synthesis of  
a number of substituted three-unit pyrrole and thiophene based species (Scheme 1.3). 
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We have developed a versatile synthetic route to functionalised tricyclic monomer that 
has useful functional group properties. The functional group substitutent for these species 
is carried on the central ring so that the steric interactions between substituent groups on 
adjacent blocks are minimized. Also the thiophene rings serve as steric diluents in the 
polymer, partially relaxing the constraints on coplanarity [31]. 
Our choice of head group was phosphonic acid and trimethoxysilane (hereon “silane”). 
Both are known to interact with the metal oxide resulting in strong, compact well-
organized monolayers [32-35]. Substrates like Si/SiO2 react with silanes resulting in 
three-dimensional network of reactive Si-OH groups and Si-O-Si bonds [36-40]. 
Al/Al2O3 and Ti/TiO2 can effectively interact with phosphonic acids. (Scheme 1.4) [41-
45]. The resulting M-O-P bond is quite stable [46-47]. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.4 Surface reactions of the anchoring groups with metal/ metal oxide surface 
R 
O
O
P O
         - OH   
      - OH    +  (OH)2P(O)R 
       - OH 
(a) 
(b) 
O 
O
R Si 
R 
O
O
Si 
- OH
     O  
- OH
         - OH   
      - OH    +        X3Si-R 
       - OH 
 
SNSnP and SNSnTMS derivatives with different chain lengths have been synthesized. 
This slight difference in the structural feature has been selected as a compromise between 
expected improved molecular organization in the monolayer, known to be promoted by 
longer alkyl chains, [48] and the possibility for future electrodeposition of conductive 
polymers to proceed. Furthermore, there are clues that electrodeposition of conductive 
polymer films on organized monolayers leads to chains with longer conjugation pathways 
[49]. Finally, the delamination rate of coatings is determined not by the thickness of the 
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coating, but by the bonds that prevail at the interface as well as the packing and the 
molecular organization in the monolayer [50]. 
Approach for deposition of conducting polymers 
There are several possibilities for deposition of conducting films on metal substrates.  
(a). One-step procedure: spin-coating, electropolymerization of monomers at the 
electrodes etc, and, 
(b). Two-step method: surface chemical or electrochemical polymerization.  
We propose a two-step procedure by which self-assembled monolayers (SAM) of 
selected phosphonic acids and silanes, i.e (3-Phenyl-pyrrol-1-yl)-alkyl phosphonic acid, 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-phosphonic acid, [(2,5-dithiophen-2-yl-pyrrol-1-
yl)-alkyl]-trimethoxysilane, were formed on the oxidized metal substrate and then 
suitable monomers were deposited on the modified electrode, chemically and 
electrochemically. The approach exploits the affinity of the anchoring group namely 
phosphonic acid and trimethoxysilane group to several oxidisable (Cu, Fe, Ni, etc.) [51-
53] metals. For instance, very good adhesion is observed for the films electrodeposited on 
the ω-(pyrrol-1-yl) alkyl silanes, ω-(pyrrol-3-yl) alkyl silanes, ω-(3-thienyl) alkyl silanes, 
ω-(pyrrol-3-yl) alkyl phosphonic acid [54-56]. In 1993 Kowalik et al. reported a one-step 
oxidative polymerization directly from a solution of 6-[2’,5 -di(2-thienyl)pyrrol 1’-
yl]propanethiol (TPT-C3SH) on Pt and Au electrodes to produce films exhibiting 
remarkable stability and toughness. In the one-step procedure, thin films of TPT-C3SH 
on platinum could not be detached when it is in its electrochemically compensated state, 
but could be removed in their doped state [57].  
 In the two-step approach, films are adherent to the substrate in both the 
electrochemically compensated and doped states [58]. In this approach where the 
electrode is chemically modified with pyrrolyl, 2,5-ditheinylpyrrole –alkanephosphonic 
acids and silane respectively, the anchoring group strongly binds to the metallic substrate 
and attractive interactions, possibly including acid-base interactions and covalent bonds, 
are established between the terminal groups at the first stages of the polymer film growth, 
hence the resulting adhesion.  
In the two-step approach, the choice of the monomer is in principle independent of the 
nature of the SAM. However, electrochemical properties of the modified electrode should 
 6
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allow electrodeposition without oxidation of the metal substrate and promote strong 
(ideally covalent) attractive interactions between the organic monolayer and the 
electrodeposited polymer. Accordingly, it is reasonable to assume that, the lower the 
oxidation potential of the end groups at monolayer surface, the better the chances to 
promote electrodeposition of conductive polymers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.5 Two-step procedure for grafting adhesive conductive polymer film 
                    Step 1 Formation of self-assembled monolayer on metal/ metal oxide surface 
                    Step 2 Chemical or electrochemical polymerization using additional monomer        
                      
Conducting 
polymer 
Substrate- Ti/TiO2, Al/Al2O3
Chemical or 
Electrodeposition
of polymer 
         Grafted conductive polymer film 
Substrate- Ti/TiO2, Al/Al2O3
Anchoring 
group 
Alkyl  
spacer 
Terminal 
 group 
         Self-assembled monolayer (SAM) 
 
1.2 Outline of the Thesis 
The whole thesis is divided into seven different sections. The first chapter explains the 
aim and objective of work. It emphasizes on the choice and design of the adhesion 
promoter molecule for deposition of adhesive polymer films. 
The second chapter gives an overview of literature. It explains theory of self-assembled 
monolayers (SAM). The formation of SAMs on metal or metal oxide surfaces is widely 
employed for the fabrication of model surfaces with highly controlled chemical 
properties [51-57]. It emphasizes the reason to study such functionalised derivatives.  
 7
Detail synthesis of these designed monomers are discussed in detail in chapter 3. We 
account here the results from the characterization of these derivatives by routine 
analytical methods: 1H-NMR, elemental analysis, infrared spectroscopy and mass 
spectroscopy. The electrochemical and optical properties of these monomers were studied 
using cyclic voltammetry and UV-Vis and fluorescence spectroscopy, respectively. The 
derivatives are new and have not been reported in literature. 
Chapter 4 gives an overview of the various analytical techniques along with the results 
and discussion of the modified metal oxide surfaces. Tools of high sensitivity were used 
for the characterization of one molecule thick (1-2 nm) self-assembled layer. 
Chapter 5 gives the theoretical background of conducting polymers. The literature 
accounts for a number of modified conducting polymers. The properties and applications 
of derivatives of pyrrole and thiophene based tricyclic monomers are discussed here. 
The grafting of conducting polymer layers on these modified substrates via surface 
induced chemical polymerisation and electrochemical polymerisation is discussed in 
chapter 6. Formation of homogeneous, adhesive polymer films of adjustable thicknesses 
is described here. The homopolymer films of poly(SNSnP) were studied  by UV-Vis 
spectroscopy, XPS, grazing-angle incident spectroscopy, four-point conductivity 
measurement and electrochemical impedance spectroscopy. 
Chapter 7 gives the conclusion of the work. Chapter 8 discusses some of the future 
applications of such strongly adherent conducting polymer films. 
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 Chapter 2              Literature Overview
CHAPTER 2 
Literature Overview 
 
Organic and polymer ultrathin films have important applications in microelectronics, 
electro-optics and biotechnology. They are an integral part of processes on both resist 
technology and microelectronics packaging. In most cases they are employed at finite 
thickness from nanometer to micron levels. Ultrathin films have thickness of a few to 
several hundred nanometers, in variety of substrate-supported systems. 
 
2.1 A Brief Overview of Formation of Ultrathin Films 
The most common methods of formation organic thin films can be grouped as “dry” and 
“wet” methods.  
Dry processes, which include: plasma assisted deposition, physical vapor deposition, and 
chemical vapor deposition, organic molecular beam epitaxy (OMBE) etc. are techniques 
that have been adapted from solid-state materials processing [59, 60]. 
Wet methods usually require amphiphilic and organic or water-soluble polymers and 
monomers. Spin-coating, solution casting and dip-coating are three of the most important 
wet processes [61]. Polymer spin coatings has been widely used in the microelectronics 
industry for fabrication of photolithographic and resist patterns but have limited 
applications for large areas displays.  
An important technique that has gained significant interest for the last thirty years are 
molecular, macromolecular, and supramolecular wet assembly methods. These 
assemblies are defined as the application of solution or interfacial techniques at the 
molecular level where molecules or macromolecules are observed to self-assemble or 
form ordered monolayers at the range of less than one to less than several nanometers per 
layer. The advantage of this method is the potential to “tailor” layer ordering, thickness, 
and orientation at the molecular level on a monolayer basis with short and long range or 
covalent and non-covalent interactions. Subsequently, multilayers can be built on solid 
support substrates. A uniform microstructural arrangement at the nanometer level is 
critical to achieve adequate control of layer dimensions. Because these techniques 
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involve adsorption (physisorption or chemisorption) in solution or at the air-water 
(solvent) interface, they are distinctly different from solvent casting and conventional 
vacuum evaporation deposition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.1 Schematic representations of (a) Vacuum deposition and OMBE (b) Self-
assembled monolayer (SAM) (c) Langmuir-Blodgett- Kuhn (LBK) and (d) Alternating 
polyelectrolyte deposition (APD) 
(b) (a) 
(d) 
  -         -       -        -        -        -       - 
  -         -       -        -        -        -       - 
  +       +       +       +      +       +       + 
  -         -       -        -        -        -       - 
  +       +       +       +      +       +       + 
  -         -       -        -        -        -       - 
  +       +       +       +      +       +       + 
  +       +       +       +      +       +       + 
(c) 
 
Molecular and macromolecular assemblies to form ultrathin films can include alternating 
polyelectrolyte (APD), Langmuir-Blodgett-Kuhn technique (LBK), and self-assembled 
monolayers (SAM). Supramolecular assemblies involve combination of various 
techniques, materials or layers that result into superlattice structure. Thus, the versatility 
of these techniques is in inducing various levels of layer order, aggregation and 
orientation at the ultrathin film thicknesses that is not accessible with spin-coating or 
vacuum deposition. Recently, the application of these techniques to patterning issues has 
been demonstrated very well [62-64]. Scheme 2.1 shows the schematic of all these 
techniques.  
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The APD method is a relatively new technique to prepare ultrathin films. The adsorption 
involves alternate layer-by-layer deposition of oppositely charge molecules 
(polyelectrolytes or charged dyes) from an aqueous solution. The driving force is the 
electrostatic interaction of oppositely charged  (ionic or polar) adsorbing species from 
solution. The LBK involves deposition of monolayers formed at the air-water interface 
into multilayers structures resulting in anisotropic orientation of amphiphiles. Alternate 
layer configurations involving 2 to 3 types of monolayers and result into lattice 
structures. The orientation effect of the interface is most effective with amphiphilic 
materials. SAMs can collectively describe surface modification processes on gold or 
SiOx surfaces by surface-active amphiphiles. In all these techniques, it is clear that 
soluble or amphiphilic organic materials are essential for assembly processing. 
We will be using SAMs for the modification of the oxide substrates. Therefore, ultrathin 
films based on SAMs will be discussed henceforth. 
2.2 What are Self-Assembled Monolayers (SAMs)? 
Self-assembled monolayers (SAMs) [65-68] represent a powerful and highly flexible 
approach for the creation of concentrated planes of surface functionality. Although this 
methodology has the potential for applications in many areas, such as biosensors [69,70] 
corrosion-resistant systems [71], adhesion promotion [72-76] etc., the specific 
chemistries that have been widely used to date have suffered from certain inherent 
restrictions.  
“Self-assembled (SA) monolayers are molecular assemblies that are formed 
spontaneously by the immersion of an appropriate substrate into a solution of an active 
surfactant in an organic solvent” [82].  These include several types of SA methods that 
yield organic monolayers and will be discussed in detail in later sections. Some of the 
widely studied SAM-substrate systems are organosilicon on hydroxylated surfaces (SiO2 
on Si, Al2O3 on Al, glass etc.) [77-79], alkanethiols on gold [80-88], silver [90-91] and 
copper [92-95], carboxylic acids on aluminium oxide [47, 96-97], phosphonic acids on 
titanium and tantalum oxides [98-99], 1-alkene on hydrogen terminated Si [81, 100-103]. 
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2.2.1 Principle of Self-Assembling 
The principle of SAM formation is governed by the proper design of the self-assembling 
molecule. From the energetic point of view, a self-assembling surfactant molecule can be 
divided into three parts (Scheme 2.2). The first part is the head group that provides the 
most exothermic process i.e. chemisorption on the substrate surface. The very strong 
molecular substrate interactions result in an apparent pinning of the head group to a 
specific site on the surface through a chemical bond. This can be a covalent Si-O bond in 
the case of alkyltricholorosilanes on hydroxylated surfaces; a covalent bond but slightly 
polar Au-S in the case of alkanethiols on gold surfaces or an ionic COO-Ag+ bond in the 
case of carboxylic acids on AgO/Ag or acid-base interaction of phosphonic acids on Ti-
oxide. The energy associated with the chemisorption is of the order of few kcal/mol (e.g. 
40-45 kcal/ mol for thiolate on gold [104-105]. As a result of exothermic head group-
substrate interactions, molecules try to occupy every available binding site on the surface 
and in the process they push together molecules that have already adsorbed. The fastest 
step is the spontaneous molecular adsorption and this results in disordered layers. 
However, the subsequent molecular adsorption brings molecules close enough together 
and allow for short range, dispersive, London type, Van der Waals forces to become 
important. This ordering process is time consuming.  
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.2 Representation of self-assembling molecule 
Substrate: metal/metal oxide
Anchoring  Group: PO3H2, 
Si(OMe)3  
 
 
 
Spacer: long alkyl chain 
(promotes ordering) 
Functional Group: pyrrole, 
thiophene, 2,5-ditheinylpyrrole
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The second molecular part is the alkyl chain, and the energy associated with interchain 
Van der Waals interactions are of the order of few  (<10) kcals/mol (exothermic). It is 
clear that the self-assembly of amphiphilic hydrocarbon molecules cannot be possible 
given only the interactions among the alkyl chains and it has to be established that the 
first and most important process is chemisorption. Only after the molecules are put in 
place on the surface and the formation of an ordered and closely packed assembly starts. 
Van der Waals forces are the main forces in the case of the alkyl chains. On the other 
hand, when a bulky group (e.g. phenyl, pyrrole or thiophene etc.) is substituted into the 
alkyl chain, there also long range electrostatic interactions that, in some cases are 
energetically more important than the Van der Waals interactions. Therefore there has to 
be a balance between the various forces to get the positioning of the chains in definite 
points on the surface. The chains have to position according to the critical distance 
between the anchoring group, the spacer and the terminal head group before resulting in 
self-assembled architecture. 
The third molecular part is the terminal functionality, which in the case of simple alkyl 
chain is a methyl group. The energies associated with this process are at the order of a 
few kTs (~ 0.7 kcal/ mol), where k is the Boltzmann constant, and T is the absolute 
temperature.  
2.2.2 Preparation of Self-Assembled Monolayers 
Once a viable molecule/substrate has been decided the clean substrate is dipped directly 
into the solution of the adsorbate resulting in spontaneous formation of SAM [106]. The 
principal driving force for formation of these films is specific interactions between the 
surfactant head-group and the substrate surface. Provided these interactions are strong, 
SAMs form stable films. Depending on the structure of the self-assembling molecules, 
these films can be disordered (liquid-like) or well-packed, resembling the organisation of 
crystals. The degree of order in a monolayer is a product of many factors, including 
electrostatic and dipole-dipole interactions within the monolayers, affinity of the head 
group to the surface.  
SAM formation is a dynamic process from fast and spontaneous adsorption to well-
packed layers.  The presence of a SAM film can dramatically alter the surface properties; 
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bulk properties such as mechanical strength or conductivity are not altered. Co-adsorption 
of two different types of surfactants leads to formation of a mixed monolayer, thus 
enhancing control over surface composition [107]. Selectivity of a given function to a 
given surface is of great importance offering the possibility for patterning. Mutin et al. 
have selectively modified the micropatterned SiO2-TiO2 mixed oxide surface by 
successive treatments with a phosphonic acid and silylating agent [108]. In principle, 
SAMs can provide designer surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.3 Preparation of a self-assembled system in liquid phase 
Solution of the self-assembling molecule
Substrate 
+ 
TIME: seconds to hours 
Step 3 : 
Densely packed film 
Step 2: 
Spontaneously    
 organisation 
Step 1: 
Fast adsorption 
2.2.3 Interfacial Reactions in a Self-Assembling Process 
Interfacial reactions are becoming increasingly important subject for studies. The ability 
to control the chemical and structural properties is crucial for advancement in selective 
and environmentally friendly catalysis [37], chemical sensing [109] and many other 
applications. Increasing interests in organic synthesis on solid supports and industrial 
development of combinatorial chemistry methodologies build on the growing knowledge 
of interfacial chemistry [110]. In parallel, understanding the rules that govern surface 
reactions provides very important information for fundamental studies in chemistry. 
These considerations, and the availability of numerous analytical techniques capable of 
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detecting chemical changes in films that are just one molecule thick [81], have made 
studies of interfacial reactions viable and important area of modern science. Countless 
studies have been done in the last decade on different classes of SAMs.  
Scheme 2.4 gives a brief view of the most convenient pair of self-assembling molecule 
and the substrate. This work is focussed on silane and phosphonic acid based SA 
molecules. Therefore, we will be discussing some of the known chemistries of silane and 
phosphonic acid groups on Si/SiO2 and Ti/TiO2, Al/Al2O3 and Ta/Ta2O5 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.4 Schematic representation of reaction between (a) thiol and disulphide on 
gold (covalent bond) (b) carboxylic acid and silver (ionic type) (c) trichlorosilane and 
silicon dioxide surface (covalent bond) 
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2.2.3.1 Monolayers of Organosilicon Derivatives 
Self-assembled monolayers of alkylsilane derivatives- RSiX3, R2SiX2 or R3SiX- where X 
is chloride or alkoxy and R= alkyl group with n>10 with hydroxylated surface (e.g. SiO2, 
SnO2), have been the subject of numerous investigation since their discovery by Sagiv et 
al. in 1980 [82,104]. 
General agreement has emerged from those previous studies that complete monolayers of 
these compounds represent highly ordered, crystalline-like phases in which the 
hydrocarbon chains are oriented close to perpendicular to the surface on a variety of 
different substrates including native silicon (Si/SiO2) [54-61], mica [115-117], 
germanium [118-120], glass [121-123], alumina [124-125] and gold [126-127]. The 
mechanism for nucleation and growth of these films, however, remains a matter of 
controversy. 
A number of parameters including temperature [112, 128-129], precursor concentration 
[130-132], water concentration [133-134], and type of solvent [127,135], solution age 
[133] influence qualitatively the monolayer formation. Increasing the water concentration 
is known to shift the species distribution toward higher molecular weight products and 
leads, ultimately, to a deposition of insoluble polymers, which exhibit little chain 
organization due to an extensive, random cross-linking via Si-O-Si bridges [136]. The 
conditioning of the Si/SiO2 is very important for the formation of compact monolayers. 
The most common method of treatment of silicon dioxide surface is with RCA I (1 
(H2O): 1 (25% NH3): 5 (30% H2O2)) and RCA II (1 (H2O2): 3 (H2SO4)) solutions, 
followed by rinsing with copious amount of water [136]. According to Carim et al. the 
treatment with piranha solution yields substrates with the surface of silicon dioxide with 
Si-O group concentration of 5*104 / Å2  [136]. 
The formation of the SA monolayer essentially is an in situ formation of polysiloxane, 
which is connected to surface silanol groups via Si-O-Si bonds (Scheme 2.5). When the 
precursor molecules are placed into a suitable solvent and an oxidized silicon surface is 
inserted, the trimethoxy head groups hydrolyze [81]. Depending on the water content of 
the SAM solution, this may occur in solution or on the water layer present on the surface. 
The silanol groups condense with the hydroxyl groups on the surface, forming Si–O–Si 
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links to the surface. They also condense with similar groups on other precursor molecules 
to form covalent siloxane (Si–O–Si) cross-links to each other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.5 Possible mechanism for SAM of trimethoxysilane derivatives on metal/metal 
oxide surface [81] 
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2.2.3.2 Monolayers of Organophosphorous Derivatives 
Organophosphorous compounds (phosphate, [47,137] phosphonate [42,45,138-140], or 
phosphinate derivatives [46] offer a promising alternative in the coupling of organic 
components to metal oxides other than silica. Actually, the P-C bond is as stable as the 
Si-C one toward hydrolysis, and the versatile phosphorous chemistry gives access to a 
wide range of functional organic groups. The stability of P-O-M bonds is illustrated by 
the numerous metal phosphate and phosphonate compounds reported in the last 20 years 
[141-142].  
Till date a few studies have dealt with the anchoring chemistry of phosphonic acids with 
the titanium oxide surface [143-146]. The bonding is expected to involve both the 
coordination of the phosphoryl oxygen to Lewis acid sites and the condensation of P-OH 
groups with surface hydroxyl groups Ti-OH. Depending on the coupling molecule and 
the anchoring conditions, the cleavage of the oxide bonds might be involved in the 
anchoring process as well, in addition to the condensation of surface hydroxyls Ti-OH. 
Schwartz et al. have recently reported that α,ω-diphosphonic acids can form 
hydrolytically stable, strongly adhered films of the corresponding phosphonates directly 
on the native oxide surfaces of Ti [116]. Mutin et al. have investigated the selective 
surface modification by phosphonic acids of SiO2-TiO2 supports at the micrometer and 
molecular scale [105]. 
The surface modification of metal oxides such as TiO2, ZrO2, or Al2O3, the absence of P-
O-P bonds, the facile formation, and the stability of M-O-P bridges make 
organophosphorous coupling molecules highly attractive. 
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Scheme 2.6 Schematic representation of the main bonding modes of phosphonic acid on  
metal oxide surfaces [63, 88] 
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2.3 Application of SAMs in Conducting Polymers 
2.3.1 SAMs Based on Substituted Monoheterocycles 
Polymer ultrathin films have received tremendous interest during the past few decades for 
their diverse applications. Nowadays, the field of electrically conducting polymers, such 
as polypyrrole (PPY) and polythiophene (PTh), is a topic of very active research [23]. 
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The 2000 Nobel Prize in chemistry was awarded to pioneers of the field. To achieve 
robust films on solid substrates, strong interactions between the substrate and the polymer 
is desirable. The poor interfacial adhesion of the conducting polymer to the electrode is, 
however, a major pending problem [76,147-148,149-161].  
 Although a few covalently attached conducting polymer films were made by 
electropolymerization to a modified substrate [76152-155], the molecular weight of the 
conducting polymer deposited on the substrate was often not controllable. Other 
electropolymerization results showed that the polymer made from this method could not 
always produce a well-defined conjugated polymer microstructure [156]. For example, 
the polythiophene prepared via electrochemistry has both α-α and α-β linkages. 
Some strategies were proposed to tackle this problem, e.g., formation of the conducting 
polymer from polymerizable precursors (pyrrole, thiophene) preadsorbed on a metallic 
substrate (gold, nickel, or platinum) by thiol functions. For example, ω-(N-pyrrolyl)- 
alkanethiols and alkanethiols bearing a 3-substituted pyrrole unit were adsorbed onto 
gold electrodes [76,147-148]. Alkanethiols substituted by an aromatic ring and 6-[2′,5′- 
di(2′′-thienyl)pyrrol-1′-yl]hexanethiol were also chemisorbed onto platinum and nickel, 
respectively [157]. In another approach, conducting polymers were grafted onto metal 
oxide surfaces, such as indium tin oxide (ITO). For instance, poly(p-phenylene) 
oligomers end-capped by a carboxylic acid were chemically grafted onto ITO [158]. The 
electropolymerization of pyrrole was also carried out on electrodes pretreated by N-(3-
(trimethoxysilyl)-propyl)- pyrrole, which is reactive toward hydroxyl groups available on 
the surface. In all these two-step processes, the key step is the chemisorption of either the 
preformed conducting polymer or its precursor as result of a chemical reaction. 
Thiophene and its derivatives are also known to modify solid surfaces by means of self-
assembly techniques [159-165]. The resulting SAMs are very important and useful for 
the development of new electronic devices because of their promising electronic 
properties, and they have been demonstrated in many application fields [164-165]. 
This work is the extension of my Master work [26], where we dealt with N-substituted 
pyrrole alkyl phosphonic acid derivatives. Theoretical considerations showed that 
blocking of 3-position in pyrrole by a suitable substituent could reduce structural defects 
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in the resulting polymer [166]. Therefore, we substituted the 3-position by a phenyl group 
due to easy one-pot synthesis of 3-phenylpyrrole (Scheme 2.8). 
 
N
(CH2) PO3H2
N
(CH2) PO3H2
R
n n
R = Alkyl, phenyln= 4, 6, 8, 10, 12
 
 
 
 
 
 
Scheme 2.7 3-Substituted pyrrole phosphonic acid 
Such derivative is new and have not been reported anywhere in literature. Selected results 
from this derivative are published elsewhere [166]. 
As is true for other areas of polymer chemistry, the use of copolymers can simultaneously 
broaden and allow better control over electrical, electrochemical and optical properties. 
Thereofore, we switched from pyrrole-based monomers to thiophene-pyrrole based 
copolymers. 
 2.3.2 Reasons for Studying Copolythienylpyrroles 
Copolymerisation of thiophene and pyrrole offers the promise of combining the higher 
stability associated with thiophene-based polymers with higher conductivity 
characteristics of polypyrrole. 
 
Scheme 2.8  Poly(heteraoaromactics) 
N
H
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S
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S
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H
S
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Polypyrrole         Polythiophene           Poly(2,5-dithienylpyrrole)
(PPY)                 (PT)                            Poly (SNS)
 
These small oligomers have gained attention due to numerous reasons. 
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 Firstly, oligothiophenes, oligopyrroles, 2,2’-theinylpyrrole , and 2, 5-dithienlypyrrole are 
well-structured molecules, which allow the rationalization of structural effects on 
electronic properties of their parent polymers [167]. Thus, one can expect to draw direct 
relationships between molecular oligomers and materials properties.  
Secondly, their electrochemical study allows a better understanding of the global 
mechanism even if the nature of the coupling step has been determined in the case of 
monomeric pyrroles [168-169], substituted bithiophene [170], bipyrroles [171] and 
terthiophenes [172-173]. All these oligomers are also key-step intermediates in the 
(electro) polymerization reactions. 
Thirdly, the reactivity of oligomers decreases upon increasing the ring number. This adds 
interest to investigating the electrochemical behavior of small length oligomers since 
their solubility is still high enough in common solvents [174-176]. 
Fourthly, for instance, electropolymerisation of thienylpyrrole affords an alternative 
copolymer of pyrrole and thiophene with defined structure and composition. Poly (SXS) 
is unique in the sense that is has a higher conductivity than the homopolymers, PT or 
PPY, which is contrary to expectation [176]. 
 
Table 2.1 Electrical conductivity of poly(SXS) films (S cm-1) [177] 
 
System       Conductivity (S cm-1) 
Poly(SNS) 280 
Poly(SMS) 1 
Poly(SOS) 0.3 
Poly(SSS) 20 
Polythiophene > 100 
Polypyrrole >100 
Furan 80 
N-methyl pyrrole < 0.001 
 
 SXS
** n
 
X = N            SNS
       S             SSS
       O            SOS
     -NCH3        SMS
 
We can see from Table 2.1 that the conductivity of poly(SSS) films are within a factor of 
5 compared to polythiophene. Poly(SNS) exhibits the highest conductivity of the alloys, 
whereas poly(SMS) is two orders of magnitude less conductive. This should be compared 
to the 5-6 order of magnitude difference [23] between comparably doped polypyrrole, N 
and poly(N-methyl-pyrrole), N-CH3. Steric interactions between the methyl hydrogens 
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and the adjacent rings in poly(N-methylpyrrole) prevents the ring from attaining planarity 
in the oxidized state. Evidently these constraints are relaxed to some degree in N-
substituted thiophene-pyrrole-thiophene tri-ring monomers, for instance SMS polymer, 
where only every third ring has a methyl substituent on the nitrogen. 
Three different methods have been used to prepare such copolymers. These are: 
(I) Direct copolymerization of pyrrole and thiophene mixtures, 
(II) Copolymerization of pyrrole with bi- or α -terthiophene, and 
(III) Polymerization of α-linked pyrrole-thiophene monomers. The last include two and 
three ring system. 
2.3.2.1 Copolymers from Pyrrole and Thiophene 
One way to synthesize copolythienylpyrrole is the oxidative copolymerization of pyrrole 
and thiophene monomers. The main problem associated with this process is great 
difference the electrochemical oxidation potential of pyrrole (0.8 VSCE) and thiophene 
(1.5 VSCE), mostly resulting in random copolymers [178-179].  
 Ryder et al. have studied the copolymer materials prepared electrochemically from 
solutions containing a binary mixture of different monomer species [180]. Their 
observations were consistent with those of others in that thiophene species are 
incorporated into copolymers in lower proportions than pyrrole. Özaslan et al. showed 
that oligomerization reactions in chemical polymerisation of thiophene and pyrrole 
monomers are influenced by the presence of tetraflouroboric acid [181]. 
A special strategy has been used to carry out this copolymerization in which pyrrole is 
oxidized under diffusion limiting conditions at potential where thiophene oxidation takes 
place [178]. Under these conditions the pyrrole concentration is kept at 100 times lower 
than thiophene. By changing the applied potential over the range of 1.37-2.07 V, 
copolymers rich in pyrrole as well as thiophene could be prepared. Cyclic voltammogram 
of copolymers prepared by this method with an applied potential of 1.87 V were similar 
to those obtained by polymerization of 2,2’-thienylpyrrole [176]. The conductivities were 
reproducible and varied between 0.15 S/cm (thiophene rich) to 44 S/cm (pyrrole rich) 
[176] for the different compositions. In another study pyrrole was chemically 
polymerized with 3-substituted thiophene (Scheme 2.9) [182]. This copolymer has a 
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pyrrole / thiophene ratio of 7:1 and a conductivity of 1 S/cm. Pyrrole acted as initiator of 
the polymerization and produced a material that would be less expensive while still 
maintaining the solubility properties of substituted thiophene. 
 
S
CH2OCH2CH2OCH2CH2OCH3 
 
 
 
 
Scheme 2.9 [3-(methoxythoxyethoxymethyl) thiophene] 
2.3.2.2 Copolymers from Pyrrole and Bi- or α -Terthiophene 
There are several examples of copolymerization of pyrrole with bithiophene [183-186] 
and pyrrole with α-terthiophene [184,187]. The lowered oxidation potentials of the 
thiophene dimers and trimers facilitate copolymerization with pyrrole. Nevertheless, 
early research showed that the bithiophene content in polymers of pyrrole / bithiophene 
was not linearly related to bithiophene feed ratio [185]. This was attributed to the 
difference in oxidation rates of the two monomers prior to oxidative coupling. Reactivity 
ratios of both monomers were determined at different potentials, with the conclusion that 
for a given feedstock ratio the copolymer ratio could be varied systematically by 
changing the applied potential. Cyclic voltammetric data revealed three distinct 
oxidizable units in pyrrole/bithiophene copolymers: one due to blocks of PPY; one to 
blocks of bithiophene and one to random and alternate PPY and polybithiophene groups 
[182]. Conductivity was in the 1-20 S cm-1 range, lower conductivities associated with 
higher bithiophene content. Chemical polymerization of pyrrole and bithiophene mixtures 
with copper perchlorate gave polymers whose composition could be varied by adjusting 
the feedstock ratios. Reactivity ratios of pyrrole and bithiophene were 3.2 and 0.2, 
respectively [186]. 
Ingnäs et al. used terthiophene as the starting monomer with the oxidation potential 
roughly the same as that of pyrrole [187]. Fox has studied random and graded 
copolymers of pyrrole/bithiophene and pyrrole/terthiophene as potential candidates for 
single charge rectification layers [184]. Graded copolymers were formed by lowering the 
concentration one monomer and adjusting the applied potential in contrast to bilayers of 
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PPY/PT [184], significant rectifying effects were not observed, and no charge was 
trapped within graded or random films. 
2.3.2.3 Copolymers of Pyrrole and Thiophene Derived from α-Linked Ring Systems 
Naitoh et al. [176,188] studied the first synthesis of copolymer poly(thienylpyrrole) by 
electropolymerisation of 2, 2’-thienylpyrrole (I) as the starting monomer. These films had 
conductivities of 3.3 S/cm, when electrochemically doped with bisulphate ions [176,188]. 
 
N
H
S
(I)
S
N
H
S
R
R = H          II
R = C8H17   III
 
 
 
 
 
 
 
 
Scheme 2.10 2, 2’-thienylpyrrole (I), 2,5-dithienylpyrrole (II) and N-octyl 2,5-
dithienylpyrrole (III) 
 
Electrochemical polymerization of 2,5-dithienylpyrrole (II) and doping with p-toluene 
sulphonate produced films with electrical conductivities ranging between 10-8 to 10-1 
S/cm, depending on the concentration of electrolyte and voltage used [189-190]. 
Chemically polymerized polymers have conductivities of 2.7 x10-3 and (0.36-9.0) x 10-2 
S/cm when doped with NOSbBF6 and NOPF6, respectively [191].  
Ferraris et al. have investigated a series of α-terthienyl, 2,5-di(2-thienyl)pyrrole, n-
alkylated at the β-position of the central ring. Chemically generated materials are soluble 
in a variety of organic solvents (with octyl group, III) but failed to coherent films due to 
low degree of polymerization [192]. Ferraris et al. [191-192] have also studied the steric 
effects on the optical and electrochemical properties of nitrogen substituted (methyl, 
ethyl, isopropyl, heptyl and octyl groups) copolythienylpyrroles. They observed that 
increasing steric demands of the various substituents increased the deviations from 
coplanarity. This trend was reflected in the monomers oxidation potential and the 
energies of long wavelength absorption maxima for monomers and polymers (Table 2.2). 
The conductivity of N-methyl substituted polymer was 2.4 x 10-3 S/cm and 2.7 x 10-2 
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S/cm, when doped in methylene chloride with NOSbF6 and NOPF6, respectively [191]. In 
another study, the conductivity of the same polymer was reported to be less than 10-5 
S/cm, when NOPF6 was used in methanol as the dopant [194]. Electrochemically 
generated films from (II) and SMS displayed conductivites > 100 S/cm and 1 S/cm, 
respectively [177]. 
 
Table 2.2 Peak anodic potentials and absorption maximums for the monomers [193]. 
 
Monomer 
Epa/ V vs. SCE 
(Monomer) 
hνmin (eV) 
(Monomer) 
hνmin (eV) 
(Polymer) 
SMS 0.685 3.89 2.98 
SN2S 0.706 3.97 3.02 
SN7S 0.712 3.92 3.18 
SN18S 0.738 3.94 - 
SNIPS 0.807 4.13 3.42 
 
 
 
 
 
X = Y = S, Q = N-Me               SMS
X = Y = S, Q = N-Et                 SN2S
X = Y = S, Q = N-(CH2)6Me)   SN7S
X = Y = S, Q = N-(CH2)17Me)  SN18S
X = Y = S, Q = N-Pri                         SNIPS
X Y
Q
 
McKinley et al. have also reported that the conductivity of the polymers obtained by 
oxidation of the heterocyclic monomers by NOPF6. Poly(SSS)  and Poly(SOS) have a 
conductivity of  2.4 S cm-1  and 0.2 S cm-1 at room temperature, respectively [194]. 
Audebert et al. have investigated the electrochemical properties of several substituted 
terheterocycles thiophene-pyrrole-thiophene oligomers by cyclic voltammetry and 
double-potential step chronoamperometry. The substitution of hydrogen by another 
chemical group or atom has generally not only static but electronic effects and influence 
the oxidation potentials and reactivity of the electrogenerated cation radicals [195-196]. 
Also alternating conjugated copolymers of the type bis(1-methylpyrrol-2-yl)arenes  were 
synthesized by nickel-catalysed coupling reaction. Geißler and Hallensleben have found 
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the conductivity of the resulting polymers in the range of 10-2 S/cm to less than 10-6 
S/cm. The conductivity depends on steric hindrance between aromatic rings and high 
torsional angle [197]. 
Niziurski and Cava [198] and Hallensleben et al. [199] developed synthetic paths to 
incorporate the solubilizing group on the pyrrole nitrogen unit. However, the oxidation of 
the monomers 1-methyl-2-(2-thienyl)-pyrrole and 5, 5’-bis(1-methyl-2-pyrryl)-2,2’-
bithiophene produce insoluble compounds that do not deposit on ITO. 
Following the similar context, Vautrin and Cava [200] focused on the synthesis and 
electrochemical polymerization of N-hexyl and N-octyl substituted thienylpyrroles. 
Several monomers could be electropolymerized to the corresponding polymers and 
electroactive film were found to be stable in the dedoped state and doped states with 
conductivity as high as 10 S cm-1.  
Among the higher oligomers containing only thiophene units, α-sexithiophene has been 
used successfully into electronic and optical data processing devices [201-203]. They 
have the limitation of solubility in organic solvents and as a result, sophisticated high-
tempearture vacuum deposition techniques are employed to deposit them as thin films in 
devices. Improved solubility of the higher oligomers has been effected by several 
workers by the introduction of the alkyl chains at the β-positions of the thiophene units, 
but at the expense of lower degree of conjugation and carrier mobility [204-205] caused 
by out of plane twisting of the thiophene rings by the β−substituents [206]. Keeping in 
mind the above limitation, Cava et al. have investigated two different routes to impart 
solubility to mixed thiophe-pyrrole heptamers and septithiophene. They replaced one or 
more of the main chain thiophene units by solubilising N-alkylpyrrole units. Cava et al. 
have found that the α, ω-dialkyl substituted septithiophene derivative 1 displayed very 
poor solubility at room temperature in organic solvents in comparison to the pyrrole 
containing heptacyclic analogues 2 and 3 (Scheme 2.11) [207]. 
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Scheme 2.11 Heptacyclic thiophene and pyrrole oligomers [207] 
 
Higher homologues of thienylpyrrole (4-7 heterocyclic rings) oligomers bearing N-
methyl and N-dodecyl groups have been characterized by Niziurski and Cava [198]. 
 
Table 2.3 Peak anodic potentials versus SCE for N-methyl-2-(2-thienyl)-pyrrole and 
oligomers in the thienyl series. 
 
Oligomer Epa/Epc [V] Polymer, Epa [V vs SCE] 
SN1 0.88/0.48 0.56/0.53 
N1SSN1 0.65/0.44 [a] 
SN12SN12S 0.68/0.57 [a] 
SN1SSN1S 0.76/0.66 [a] 
SN12SSN12S 0.72/0.59 [a] 
SN12SN12S N12S 0.65/0.52 [a] 
[a]- No polymer film; N1= N-CH3; N12= N-C12H25; Epa= Anodic potential; Epc= Cathodic potential 
 
Niziurski and Cava have done a systematic electrochemical investigation of a series of 
2,5-bis(2-thienyl)pyrroles, synthesized in which the α-thiophene protons and/or the β-
pyrrole protons have been replaced by Me or Br substituents [208].  
Rivers et al. have reported the synthesis of a biodegradable electrically conducting 
polymer based on pyrrole and thiophene that are connected together via degradable ester 
linkages. Polymer property optimisation was done by increasing the aromatic segment 
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length to enhance conductivity, altering the hydrophobic/hydrophilic nature of the linker 
to modulate degradation and incorporating sites for attachment of biomolecules [209]. 
 
 
 
 
 
 
 
Scheme 2.12 Structure of biodegradable, electrically conducting polymer 
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The use of covalent attachment of conductive polymers to electrodes and other surfaces 
presents many opportunities for the use of such materials in electronic applications. 
Particularly, where the metal oxide formation or other corrosion process interfere with 
surface integrity, such surface modification may be beneficial. Kowalik et al. have 
synthesised a number of thiol functionalised SNS derivatives, which form strongly 
adherent semiconducting film. The films could not be detached only in their 
electrochemically compensated state, but could be removed in their doped state. This was 
explained in terms of oxidation of the sulphurhydryl to a disulphide, accompanied by 
cleavage of metal-sulphur bond [57]. 
Janata et. al. reported  a new approach to a simple and direct electrochemical detection of 
a hybridization event, which utilizes electrostatic modulation of ion-exchange kinetics of 
polypyrrole (PPy) film [210]. 
Consequently, our interest has been focused on trimeric species namely 2,5-
dithienylpyrrole system. We have sought to develop a versatile synthetic route to a 
functionalised tricyclic monomer that has useful functional group properties. 
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CHAPTER 3 
 
Synthesis and Characterization of Novel Adhesion Promoters 
 
3.1 Introduction- Aim and Strategy of Synthesis 
 
The main focus of our research is based on the synthesis of novel derivatives for the 
purpose of enhancing adhesion of the deposited organic conducting polymers (e.g. 
polypyrrole, PPY or Poly (2,5-dithienylpyrrole), Poly (SNS)) films to the substrates. PPY 
thin films have been shown to work quite well in coatings as protective layers, sensors 
and adsorbents for protein separation [211-212]. However, the adhesion of PPY films to 
metal surfaces is a major obstacle to be solved for industrial applications. Therefore, we 
are concerned with the synthesis of a number of substituted pyrrole and pyrrole-thiophene 
based species (Scheme 3.1). 
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Scheme 3.1 Synthesized pyrrole and pyrrole-thiophene based derivatives 
 
We can categorize the designed molecule in three parts with a specific objective proposed 
for each unit (Scheme 3.2). 
Terminal Group - Pyrrole and 2,5-dithienyl pyrrole were chosen as the terminal group. 
From the known chemistry of pyrrole, substitution can be easily attempted at the desired 
position. For tricyclic monomer, functionalization is carried out in the central ring so that 
the steric interaction between substituent groups on adjacent components blocks are 
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minimized [213]. In our group, research is already going on in the respective field. ω-
(pyrrol-1-yl) alkyl silanes, ω-(pyrrol-3-yl) alkyl silanes, ω-(3-thienyl) alkyl silanes, ω-
(pyrrol-3-yl) alkyl phosphonic acid have been synthesized and well characterized with a 
variety of applications in hand.  Hence, we bring about the substitution at N-position in 
pyrrole. 
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Scheme 3.2 Design of the synthesized self-assembling molecule 
 
Spacer Group - To use these derivatives as effective adhesion promoters there is a need 
for the formation of well-ordered and well-aligned monolayers on the metal oxide 
surface. Considering a hypothetical activated process for adsorption, one might think that 
the enhanced interactions between a longer chain and the surface would lower the energy 
barrier and increase the adsorption rate [214]. On the other hand, if mobility is an issue, 
longer alkyl chains might move more slowly. The literature is full of conflicting reports 
regarding the effects of chain length on SAM growth kinetics [65,215-218]. Nevertheless, 
in order to investigate the effect of the alkyl chain length molecules with different carbon 
atoms have been synthesised. The synthesis of the long chain molecule was important 
from the self-assembly point of view. However, due to the presence of the long, non-
conducting alkyl chain in the system there could be a lowering of the overall conductivity 
of the system. Therefore, we proposed other adhesion promoters with shorter chain 
lengths. 
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Head Group - We chose phosphonic acid and trimethoxysilane as the anchoring groups. 
The chemistry of these functional groups with metal oxide surface is well known. 
Phosphonic acid interacts strongly with the metal oxides, through the formation of robust 
M-O-P bonds [42,143-144,219-220] (Scheme 3.3 (a)). The use of trifunctional 
organosilanes (RSiX3, X= Cl, OCH3, H) has been reported [220-224]. Under certain 
conditions long chain trifunctional silanes gives monolayers that are closely packed and 
highly ordered. These monolayers are referred as self-assembled monolayers (SAMs). 
Molecules in the SAM are strongly bonded to their neighbours and to the surface. The 
SAM may be considered a 2-D siloxane network that is supported by the surface [220-
221,225] (Scheme 3.3 (b)). The hydrolytic stability of the formed SAMs of phosphonic 
acid and trimethoxysilane is the key parameter that influenced us to choose them for 
surface functionalization.  
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Scheme 3.3 Surface reactions of the anchoring groups with metal/ metal oxide surface 
3.2 Chemistry of Pyrrole 
Pyrrole and thiophene belong to the class of five-membered heteroatomic systems. The 
presence of nitrogen in the ring leads to a loss of radical symmetry, so that pyrrole does 
not have five equivalent canonical forms. It has one with no charge separation, a, and two 
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pairs of equivalent forms, in which there is charge separation, indicating electron density 
drift away from nitrogen. These forms do not contribute equally; the order of importance 
is a > b, c > d, e (Scheme 3.4). Resonance leads, to the establishment of partial negative 
charges on the carbons. The five-membered heterocycles of the pyrrole type are referred 
as “electron rich” or “p-excessive” due to the electronic drift away from the nitrogen and 
towards the rings carbon [226]. 
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Scheme 3.4 Resonating forms of pyrrole 
The structure of thiophene is closely analogous to that of pyrrole, except that S replaces 
NH and the second lone pair is not involved in aromaticity and is present in the sp2 
hybrid orbital in the plane of the ring. Similar canonical forms can be written for 
thiophene as for pyrrole but the higher electronegativity means that the polarized forms, 
with positive charges on the heteroatoms, make a smaller contribution. The larger 
bonding radius of sulphur is one of the influences making thiophene more stable than 
pyrrole- the bonding angles are larger and the angle strain is somewhat relieved. 
Pyrrole undergoes electrophilic substitution normally at the 2 or 5 (or α) position (red 
arrows). Substitution at 1, 3 and 4 positions needs drastic conditions (blue arrows). 
Nucleophilic substitution is virtually unknown in pyrrole. Valence bond representations 
of the structure of pyrrole include the four zwitterioninc resonance forms shown in 
Scheme 3.5. Therefore, the reactivity of pyrrole ring towards electrophiles at 2-position is 
due to the Wheland intermediates having the same number of double bonds as the starting 
molecule.  
 
Scheme 3.5 Preferred positions for 
                 electrophilic attack in pyrrole 
5
3 4
2
N
1
H 
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Electrophilic substitution at the nitrogen atom of pyrrole ring normally occurs under 
strongly basic conditions, except for proton exchange, which readily occurs under both 
mildly acidic conditions or in the presence of aqueous base. The pKa of the pyrrole NH is 
17.5, and so, although proton exchange occurs readily in aqueous base. Alkylation (or 
acylation) can normally be effected by conversion into pyrrolyl Grignard or by use of 
strong bases as sodamide, liquid ammonia or potassium t-butoxide in t-butanol or DMSO. 
Alkylation on nitrogen can also be effected with aqueous base by the use of phase-
transfer catalytic methods and if electron-withdrawing substitutents are present in the 
pyrrole ring, the more readily formed N-anions can be alkylated under milder basic 
conditions. 
3.2.1 Chemistry of N-Substitution in Pyrrole  
N-alkylation of heterocyclic compounds like pyrrole bearing acidic hydrogen attached to 
nitrogen is generally accomplished by the treatment of these compounds with an 
appropriate base followed by the treatment of the resulting salt with an alkylating agent. 
However, since the pyrrolyl anions exhibit ambient behaviour as nucleophile, alkylation 
can occur at carbon as well as at nitrogen. The amount of N-alkylation relative to C-
alkylation depends on a number of factors. These include, the base employed for the 
deprotonation of the heterocycle, the solvent, and the alkylating agent. Thus, for the salts 
derived from pyrrole, the base (and hence, the cation associated with the pyrrolyl anion) 
can influence the ratio of N to C alkylation. Nitrogen alkylation generally predominates, 
when the cation is a sodium or potassium ion in contrast to carbon alkylation, which, 
predominates with the harder cations like lithium or magnesium. 
Various new procedures have been developed in which the N-alkylation of pyrrole can be 
accomplished with little or no interference from the C-alkylation. Included in these 
procedures are those, which use dipolar aprotic solvents [226-227] or one in which 
thallium salt of pyrrole is employed [228] and several procedures that rely on phase-
transfer catalysis by quaternary ammonium salts [229]. 
The phase transfer procedures appear to be the most useful in terms of condition, yield, 
and convenience. Alkylation is effected by simply stirring a solution containing the 
alkylating agent, the heterocycle and a catalyst in the presence of concentrated solution of 
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sodium hydroxide. Often, the functional group attached to pyrrole nucleus is labile to 
hydrolysis in the presence of hydroxide. Therefore, it would not be able to survive the 
phase-transfer alkylation procedure catalysed by quaternary ammonium salts. 
Another method that takes care of the above mentioned drawbacks uses 18-crown-6 as 
catalyst and potassium t-butoxide as base. The procedure is convenient and mild and 
generally gives rise to exclusive N-alkylation [230]. 
The reaction of alkali metal salt of pyrrole with saturated dihalides is reported to result in 
major amount of N-substitution rather than substitution at the carbon at 2 or 3 position 
but this depends on the number of factors. The most important being the medium of 
reaction and the size of the alkali metal. For a given medium, both under heterogeneous 
conditions and in solution, the relative percentage of 1-alkylation increases with the 
decreasing coordinating ability of the cation in the order Li+ < Na+ < K+ < (CH3)3NC6H5+. 
Addition of tetrabutylammonium bromide to any reaction mixture increases the relative 
percentage of 1-alkylation. 
In non-polar organic solvents the alkali metal salts of pyrrole are highly dissociated 
through co-ordination of the nitrogen in the pyrrolyl ion. Also in DMSO the salt is highly 
solvated, and hence, dissociated and relatively soluble. In general, the percentage of 
alkylation at the nitrogen atom (1-position) increases with the solvating power of the 
medium and decreases with the coordinating ability of the metal ion. These effects are 
explained on the basis of the dissociation of the pyrrolyl-metal ion pair.  
On this basis the reaction mechanism is postulated as given in Scheme 3.6 [226] (X = Br, 
I): 
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Scheme 3.6 Reaction mechanism for substitution at N-position 
 
The conversion of  (N-pyrrolyl) alkyl bromide to phosphonic acid is realized by the most 
well-known and versatile Michaelis-Arbuzov’s rearrangement (Scheme 3.7). In its 
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simplest form the rearrangement is the reaction of an alkyl halide with trialkylphosphite, 
yielding a dialkyl alkylphosphonate. 
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Scheme 3.7 Mechanism for Michaelis-Arbuzov reactio
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3.3 Experimental Section 
3.3.1 Materials and Methods 
All chemicals were of reagent quality grade and procured from commercial sources. 
These include the following: 
Table 3.1 Lists of chemicals. 
Chemical Supplier (Purity) 
Acetic Acid Acros (97%) 
Acetic Anhydride Grüssing (99%) 
Acetonitrile Fluka (99%, water) 
Aluminium chloride Acros (99%) 
Acetic Acid Acros (97%) 
Bicyclohexyl Aldrich (99%) 
Bonder® V338M Chemetall 
Bromtrimethylsilane Acros (98%) 
11-Bromoundecene ABCR (96%) 
6-Bromohexene Fluka (97%) 
1,10-Dibromodecane Merck (99%) 
1,12-Dibromododecane Merck (99%) 
1,4-Dibromobutane Merck (99%) 
1,6-Dibromohexane Merck (99%) 
CDCl3 Merck (99%) 
Chloroform Fischer Scientific, A.R 
Aldrich, (99+%, anhydrous) 
Dichloromethane A. R 
Diethyl ether Rein 
Diethyl 4- aminobenzylphosphonic acid ester Acros (98%) 
Dimethylsulphoxide Fluka (A.R) 
Ethanol Merck (Absolute) 
Hydrochloric Acid Merck (37%) 
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LiClO4 Acros (99%) 
Magnesium sulphate Grüssing (Water free) 
MeOH-d4 Deutero (99.8%) 
Methanol Fischer Scientific (A.R) 
 Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyl 
disiloxane complex catalyst 
Fluka (solution in xylenes) 
Potassium Merck 
Pyrrole Merck (97% (distilled before use) 
Silica gel (0.04-0.063 mm) Merck 
Silver nitrate Merck 
Sodium acetate Acros (97%) 
Sodium carbonate Grüssing (99%) 
Sodium hydrogen bicarbonate J. T. Baker (99%) 
Sodium sulphate J. T. Baker (99%, Water free) 
Styrene Aldrich (distilled before use) 
Succinyl Chloride Acros (97%) 
Sulphuric Acid Merck (95-97%) 
Tetrabutyl ammonium tetraflouroborate Fluka (99%) 
Tetrahydrofuran Fluka (A.R, absolute over molecular 
sieve, water < 0.005%)  
Thiophene Merck (99%) 
Toluene A.R 
Tosylmethyl isocyanide (TOSMIC) Lancaster (97%) 
Tris(trimethyl silyl phosphite) Fluka 
Iron (III) chloride Acros (water free) 
Ammonium peroxodisulphate Riedel-de Häen 
Ammonia Grüssing (25%) 
Trimethoxysilane  Aldrich (95%) 
Hydrogen peroxide J. T. Baker (30%) 
* Analytical Reagent grade- A. R. 
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3.3.2 Methods Used 
Standard characterization tools like FTIR, NMR, and elemental analysis were used for 
the validation of the synthesized derivatives. The optical and electrochemical properties 
were also investigated using UV-Vis spectroscopy and cyclic voltammetry respectively. 
Table 3.2 Lists of techniques and instruments used for characterisation. 
 
 
Technique 
 
Instrument 
1H-, 13C-, 29Si, 31P NMR spectroscopy 
• Deuterated solvents (CDCl3, MeOH-d4) 
Brucker DRX 500 P (500 MHz) 
Brucker AC 300 P (300 MHz) 
Infrared Spectroscopy with grazing angle 
• KBr pellet (1% dispersed in KBr), 128 scans at a 
resolution of 1 cm-1 
• 500-1000 scans at 4 cm-1 resolutions for grazing 
angle. 
UNICAM RS 1000 FTIR 
Grazing angle using a MTC-
detector and FT-80 unit from 
Spectra Tech Inc 
Dynamic Scanning Calorimetry (DSC) 
Thermogravimetric Analysis (TGA) 
• Air, 5K/min 
• Nitrogen, 5K/min 
TA instruments DSC 2920 
Elemental Analysis Fison, EA1108 
UV-Vis Spectroscopy Perkin Elmer (Lambda 35) 
Cyclic Voltammetry 
• Working electrode- Platinum 
• Counter electrode- Platinum sheet 
• Reference electrode- Ag/ AgNO3 (0.1 M) in 
CH3CN 
EG Princeton 
Mass spectroscopy HP – Bruker 
Melting Point Büchi melting point B-545 
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3.4 Synthesis of Pyrrole Based Monomers 
3.4.1 Synthesis of (3-Phenyl-pyrrol-1-yl)-alkyl phosphonic acid 
 
This is a four-step synthesis. The first step is the synthesis of 3-phenylpyrrole in a single 
step involving cyclization in Van Leusen’s Reaction [232], from tosylmethyl isocyanide 
(TOSMIC) and commercially available or readily accessible aryl substituted alkene 
(styrene). These 3-aryl pyrroles have been typically been accessed via multistep cross-
coupling methodology requiring the use of protecting group for the pyrrole NH [235]. 
This is followed by the formation of potassium salt to bring about the substitution at N-
position in pyrrole  [233-234]. The potassium salt is prepared in-situ due to easy 
polymerizability and used immediately for the next step. Phosphorylation is achieved via 
Michaelis-Arbuzov’s rearrangement.   
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Scheme 3.8 Complete reaction scheme for the synthesis of  (3-Phenyl-pyrrol-1-yl)-alkyl 
phosphonic acid 
 
3.4.1.1 Synthesis of 3-phenyl-1H-pyrrole 
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Scheme 3.9 Van-Leusen Reaction- One step synthesis of 3-aryl substituted pyrrole 
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Procedure 
To a suspension of sodium tert-butoxide (1.536 g, 12 mmol) in dry DMSO (30 mL) at 
room temperature was added a solution of styrene (0.624 mg, 6 mmol) and tosylmethyl 
isocyanide (1.524 g, 7.8 mmol) in 30 mL DMSO via cannular. The beige solution was 
stirred at 50°C for 24 h, whereupon it was cooled to room temperature and was diluted 
with ethyl acetate (50 mL) and brine (50 mL) and shaken. The aqueous layer was washed 
with ethyl acetate  (3 x 50 mL), dried over sodium sulphate, filtered and concentrated in 
vacuum. The reaction mixture was purified by column chromatography on silica gel 
(using n-hexane: ethyl acetate= 3:1) to 3-(phenyl)-1H-pyrrole as pale yellow oil which 
was further characterised. 
 
 
 
3-phenylpyrrole 
Molecular Formula: C10H9N; Molecular Weight:  143 g/mol. 
Yield: 70 % (yellow liquid) 
IR (chloroform, cm-1): 3300 (N-H, broad band), 3100-3070 (aromatic C-H stretch), 1555 
(C=C ring), 1465, 1387 (pyrrole ring), 880-995 (aromatic C-H bending). 
1H-NMR (500 Mhz, CDCl3) δ, ppm: 8.27 (s, 1H, 1), 7.57-7.62 (m, 2H, H-5, 5`), 7.40-
7.36 (m, 2H, H-6, 6`), 7.21-7.24 (m, 2H, H-7), 6.56-6.57 (m, 1H, H-3), 6.78 (m, 1H, H-
4), 6.64 (m, 1H, H-2) 
Elemental Analysis (Exptl. (Calcd.), %): C= 83.76 (83.88); H = 6.31 (6.34); N = 4.38 
(9.78). 
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3.4.1.2 Synthesis of potassium salt of 3-phenyl-1H-pyrrole 
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Scheme 3.10 In-situ generation of potassium salt of 3-phenylpyrrole 
Procedure 
Potassium pyrrole was prepared according to the reported method with some 
modification [226]. A total of 0.585 g potassium metal, freshly cut into pieces under n-
heptane, was added under stirring to a solution of 2.10 g pyrrole in 15 mL of freshly 
distilled tetrahydrofuran. The apparatus was flushed thoroughly with dry nitrogen for 1 
hour before use, and the reaction was conducted in nitrogen atmosphere. The mixture was 
warmed until all the traces of potassium disappear. This required about 4 hours in 
tetrahydrofuran. The salt is unstable, so it was prepared in-situ. 
 
3.4.1.3 Synthesis of 1-(Bromo-alkyl)-3-phenyl-1H-pyrrole 
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Scheme 3.11 Bromoalkylation of potassium salt of 3-phenylpyrrole 
 
1-(Bromo-alkyl)-3-phenyl-1H-pyrrole from potassium salt of 3-phenyl-1H-pyrrole was 
prepared using reported method [233-234]. The potassium salt of pyrrole, prepared 
above, was dissolved in 15 mL dimethylsulphoxide and added dropwise to a stirred 
solution of dibromoalkane (5 fold excess) in 20 mL of THF at room temperature. After 
stirring the reaction mixture for 48 h at room temperature, the reaction mixture was 
poured into 150 mL of aqueous saturated sodium sulphate solution. The product was 
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extracted with diethyl ether and, the solution was dried over magnesium sulphate. The 
solvent was removed under reduced pressure to afford the crude product. This was 
purified by column chromatography (silica gel; n-hexane/dichloromethane = 10:1 as 
eluent) to yield 40 % of a yellow liquid. 
 
10-[1-(Bromo-decyl)]-3-phenyl-1H-pyrrole) 
 Molecular Formula: C19H28NBr; Molecular Weight:  351 g/mol. 
Yield: 74 % 
IR (chloroform, cm-1): 3100-3070 (aromatic C-H stretch), 2928 (νas CH2 stretch), 2857 
(νs CH2 stretch), 1465, 1387 (pyrrole ring), 1240 (CH2-Br), 880-995 (arom C-H bending). 
1H-NMR (500 Mhz, CDCl3) δ, ppm: 7.5-7.49 (m, 2H, H-4, 4`), 7.31-7-30 (m, 2H, H-5, 
5`), 7.25 (m, 1H, H-6), 6.74 (m, 1H, H-3), 6.64 (m, 1H, H-1), 6.56-6.54 (m, 1H, H-2), 
3.87-3.84 (t, 2H, -N-CH2-), 3.40-3.37 (t, 2H, -CH2-Br), 1.50-2.00 (m, 16H, -(CH2)n-). 
Elemental Analysis (Exptl. (Calcd.), %): C= 66.34 (66.29); H = 7.68 (7.79); N = 3.68 
(3.87). 
(12-[1-(Bromo-dodecyl)]-3-phenyl-1H-pyrrole) 
Molecular Formula: C21H32NBr; Molecular Weight: 379 g/mol. 
Yield: 69 % 
IR (chloroform, cm-1): 3100-3068 (aromatic C-H stretch), 2927 (νas CH2 stretch), 2855 
(νs CH2 stretch), 1641 (C=C), 1465 & 1387 (pyrrole ring), 1243 (CH2-Br), 880-995 (arom 
C-H bending). 
1H-NMR (500 Mhz, CDCl3) δ, ppm: 7.51-7.49 (m, 2H, H-4, 4`), 7.30-7-29 (m, 2H, H-5, 
5`), 7.22 (m, 1H, H-6), 6.72 (m, 1H, H-3), 6.66 (m, 1H, H-1), 6.53-6.51 (m, 1H, H-2), 
3.85-3.81 (t, 2H, -N-CH2-), 3.38-3.36 (t, 2H, -CH2-Br), 1.50-2.10 (m, 20H, -(CH2)n-). 
5 6
4
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3
2
1
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r
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Elemental Analysis (Exptl. (Calcd.), %): C= 67.8 (67.68); H = 8.20(8.26); N = 3.61 
(3.59). 
 
3.4.1.4 Synthesis of (3-Phenyl-pyrrol-1-yl)-alkyl phosphonic acids 
 
 
 
 
 
 
 
 
 
Br(CH2)
N
P(OSiMe3)3
N
(CH2)
Ph
H2O, MeOH
PO3H2
Ph
n n
n= 10, 12
Scheme 3.12 Scheme for synthesis of (3-Phenyl-pyrrol-1-yl)-alkyl phosphonic acid 
 
Procedure 
1.5 g 1-(Bromo-alkyl)-3-phenyl-1H-pyrrole was taken in a three-necked flask. A 4-fold 
excess tris (trimethylsilyl) phosphite was added to it, and the reaction mixture was heated 
to 160°C. Trimetylsilylbromide was collected as the side product. The reaction 
temperature was maintained at 160°C for 1.5 h. Hydrolysis was carried out with methanol 
and distilled water (1:1) mixture. The solvent was then evaporated. Recrystallisation of 
the product was carried out using n-hexane and ethyl acetate as solvents. A white 
crystalline solid was obtained, which was characterised. These compounds were obtained 
in 50-70% yield with variable chain lengths. 
Chain lengths with 10 and 12 carbon lengths have been synthesised and characterised by 
elemental analysis, 1H-NMR and 31P-NMR and IR spectrometry. 
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10-(3-Phenyl-pyrrol-1-yl)-decyl phosphonic acid 
Molecular Formula: C19H30NPO3; Molecular Weight:  351 g/mol. 
Yield: 81 % 
Melting Point- 104°C 
IR (chloroform, cm-1): 3100-3070 (aromatic C-H stretch), 2928 (νas CH2 stretch), 2857 
(νs CH2 stretch), 1465, 1387 (pyrrole ring), 1225 (P=O), 1032 (ν P-OH), 755 (out-of-
plane C-H bend of the aromatic ring). 
1H-NMR (500 Mhz, CDCl3) δ, ppm: 7.43-7.41 (m, 2H, H-4, 4`), 7.30-7-29 (m, 2H, H-5, 
5`), 7.22 (m, 1H, H-6), 6.73 (m, 1H, H-3), 6.56-6.57 (m, 1H, H-2), 6.39 (m, 1H, H-3), 
3.89-3.84 (t, 2H, N-CH2-), 1.98-1.49 (m, 18H, -(CH2)9-). 
31P-NMR: 34.15 
Elemental Analysis (Exptl. (Calcd.), %): C= 65.72 (64.95), H= 8.69 (8.54), N= 3.65 
(3.98). 
12-(3-Phenyl-pyrrol-1-yl)-dodecyl phosphonic acid 
Molecular Formula:  C21H34NPO3; Molecular Weight: 379 g/mol. 
Yield: 82 % 
Melting Point- 89-90°C 
IR (chloroform, cm-1): 3100-3070 (aromatic C-H stretch), 2928 (νas CH2 stretch), 2857 
(νs CH2 stretch), 1465, 1387 (pyrrole ring), 1224 (P=O), 1036 (ν P-OH), 750 (out-of-
plane C-H bend of the aromatic ring). 
1H-NMR (500 Mhz, Methanol-d4) δ, ppm: 7.44-7.42 (m, 2H, H-4, 4`), 7.30-7-29 (m, 
2H, H-5, 5`), 7.21 (m, 1H, H-6), 6.74 (m, 1H, H-3), 6.54-6.56 (m, 1H, H-2), 6.41 (m, 1H, 
H-3), 3.87-3.84 (t, 2H, N-CH2-), 1.98-1.51 (m, 20H, -(CH2)9-). 
6
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31P-NMR- 30.29 
Elemental Analysis (Exptl. (Calcd.), %): C= 67.16 (67.15), H= 8.9 (8.61), N= 3.08 (3.5).
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Fig. 3.1 IR spectrum of  (3-Phenyl-pyrrol-1-yl)-dodecyl phosphonic acid 
 
3.5 Synthesis of Functional 2,5-Dithienylpyrrole Based Monomers 
 
3.5.1 Synthesis of [(2,5-Dithiophen-2-yl-pyrrol-1-yl)-alkyl]-phosphonic acid 
 
The synthetic methodology is facile and convenient. The synthesis of such oligomers is 
reported via coupling reactions, facilitated by transition metal catalysts using α-dibromo 
and α-alkylstannylated monomer derivatives [236]. These methods are quite rigorous and 
involve air sensitive intermediates [237-239]. 
An alternative to this approach has been adopted in which dithienyl diketone, i.e. 1, 4-Bis 
(2-thienyl) butane-1, 4-dione is the key intermediate.  This is formed by Friedel-Craft 
acylation of thiophene and succinyl chloride [240]. The product is formed in good yields 
and need to be purified by column chromatography before further use (Scheme 3.14). 
This precursor can undergo a ring closure reaction to yield the thiophene-pyrrole 
oligomer [241]. The crude product obtained via Paal-Knorr cyclization is very sensitive 
and need to be used immediately after purification. 
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S CH2COCl
CH2COCl
SS O OAlCl3 CH2Cl2
SN
H
S
NH4OAc HOAc Ac2O
SNS
(CH2)   Br
SNS
(CH2)  PO3H2
P(OSiMe3)3
+
,
R.T., 18 h
48 h, reflux
, ,
1. K, THF, 65°C, 4 h
2. Dibromalkane, DMSO,
    48h, RT 
nn
1. 
2. MeOH/Water
n = 4, 6, 10, 12
Scheme 3.13 Reaction pathway for synthesis of [(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-
phosphonic acid 
 
2,5-dithienyl-1-H- pyrrole is converted to its potassium salt in-situ due to high sensitivity 
to light and air. Then it is transferred under inert conditions to the reaction flask 
containing the dibromoalkane. 1-(bromoalkyl) 2, 5-dithiophene-2-yl-1H-pyrrole is quite 
stable and can be stored at low temperatures. The phoshorylation is carried out at high 
temperatures and require continuous flow of nitrogen. The ester obtained from this 
reaction is then hydrolysed with 1:1 mixture of methanol and water. The free acid is 
obtained after freeze-drying and can be stored at low temperatures for further use. 
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Scheme 3.14 General mechanism on pyrrole formation through cyclization of a diketone- 
Paal-Knorr Synthesis 
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3.5.1.1 Synthesis of 1, 4-Bis (2-thienyl) butane-1, 4-dione 
 
 
 
 
 
 
 
S CH2COCl
CH2COCl
SS O OAlCl3 CH2Cl2+
,
R.T., 18 h
Scheme 3.15 Friedel Craft acylation for the synthesis of dithienyl diketone 
 
Procedure 
 
To a suspension of AlCl3 (16 g, 0.12 mol) in CH2Cl2 (15 mL) a solution of thiophene 
(9.61 mL, 0.12 mol) and succinyl chloride (5.51 mL, 0.05 mol) in dichloromethane was 
added dropwise. The red mixture was stirred at room temperature for 18 h. Later it was 
quenched carefully with ice and conc. HCl (5 mL). After intensive stirring for 2 h the 
dark green organic phase was separated, washed with 2M HCl, water, NaHCO3 solution 
and dried over MgSO4. After evaporation of the solvent the blue-green solid remained, 
which was suspended in ethanol. Filtration and washing with ethanol and diethyl ether 
provided green solid, which was purified using column chromatography (SiO2), CH2Cl2: 
hexane (1:1). Recrystallisation from ethanol gave 1,4-Bis (2-thienyl) butane-1, 4-dione as 
a white solid. 
 
 
 
 
1, 4-Bis (2-thienyl) butane-1, 4-dione 
Molecular Formula: C12H10O2S2; Molecular Weight: 250 g/mol. 
Yield: 75% 
Melting point: 122°C 
IR (KBr, cm-1): 3100-3090 (aromatic C-H stretch), 2918 (νas CH2 stretch), 1780 (C=O), 
1595 (thiophene ring). 
1H-NMR (500 MHz, CDCl3) δ, ppm: 3.36 (m, 4H, H-4, 4´), 7.13 (m, 2H, H-2, 2´), 7.63 
(m, 2H, H-1, 1´), 7.82 (m, 2H, H-3, 3´). 
S S
4 4´
3´
2´1´
5 5´6 6´
 
OO
3
2 1
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13C-NMR (500 MHz, CDCl3) δ, ppm: 33.25 (-CH2-CH2-), 187.23 (C=O), 145.12 (C-5, 
5’), 138.8 (C-1, 1’), 133.3 (C-2, 2’), 131.1 (C-3, 3’). 
Elemental Analysis (Exptl. (Calcd.), %): C = 57.34 (57.3); H = 4.30 (4.38); S = 25.95 
(25.49). 
 
 
3.5.1.2 Synthesis of 2,5-Dithienyl-1-H-pyrrole 
 
 
 
 
 
 
 
SS O O SN
H
S
NH4OAc HOAc Ac2O+ + +
48 h, reflux
Scheme 3.16 Paal-Knorr cyclisation- A route to obtain pyrrole derivatives 
 
Procedure 
 
To a solution of 1,4-Bis (2-thienyl) butane-1, 4-dione (0.237 g, 1.06 mmol) in acetic acid 
(5 mL), NH4OAc (0.82 g, 10.6 mol) and acetic anhydride (0.26 mL, 2.77 mol) were 
added dropwise at room temperature. The dark brown solution was held at reflux with 
stirring for 48 h, it was then allowed to cool and poured into 100 mL aqueous Na2CO3 
solution to neutralise the excess of acetic acid. The reaction mixture was extracted with 
dichloromethane (3 x 50 mL), washed with water and dried over MgSO4. Concentration 
under reduced pressure provided brown oil. Column chromatography (SiO2, CH2Cl2: 
hexane (1:1)) gave 2,5-dithienyl-1-H- pyrrole as a yellow crystalline powder. The 
product is very sensitive. It was flushed with nitrogen and used immediately for the next 
step. 
 
 
2,5-dithienyl-1-H- pyrrole 
Molecular Formula: C12H9NS2; Molecular Weight: 231 g/mol. 
Yield: 75% 
 Melting Point: 83-84 °C 
H
S
7
NS
6´6 5´5
4´4
3
2 1
3´
1´ 2´
 49
IR (KBr, cm-1): 3316 (N-H str., broad), 3096 (aromatic C-H stretch), 2925 (νas C-H 
stretch), 2853 (νs C-H stretch), 1588 (thiophene ring), 1450 (pyrrole ring). 
1H-NMR (CDCl3) δ, ppm: 8.52 (s, 1H, H-7), 7.39 (m, 2H, H-3, 3´), 7.07 (m, 2H, H-1, 1´), 
6.89 (m, 2H, H-2, 2´), 6.10 (m, 2H, H-4, 4´). 
13C-NMR (500 MHz, CDCl3) δ, ppm: 145.2 (-C-6, 6`), 143.23 (C-5, 5`), 131(C-3, 3’), 
127.8 (C-1, 1’), 115.3 (C-2, 2’), 113.5 (C-4, 4’). 
Elemental Analysis (Exptl. (Calcd.), %): C= 62 (62.33); H = 3.81 (3.87); N = 6.56 
(6.66); S = 27.11 (27.7). 
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Fig. 3.2 IR spectra of 1, 4-Bis (2-thienyl) butane-1, 4-dione and 2,5-dithienyl-1-H- 
pyrrole 
 
 
 
 
 
 
 
 50
 Chapter 3                 Synthesis and Characterization of Novel Adhesion Promoters 
3.5.1.3 Synthesis of Potassium Salt of 2,5-Dithienyl-1-H-pyrrole 
 
 
 
SN
H
S SNS
K
K, THF, 65°C, 4 h
Scheme 3.17 In-situ generation of potassium salt of 2,5-dithienyl-1-H-pyrrole 
Procedure 
A total of 0.0514 g, 1.3 mmol potassium metal, freshly cut into pieces under n-heptane, 
was added under stirring to a solution of 0.381 g, 1.64 mmol 2,5-dithienyl-1-H- pyrrole in 
15 mL of freshly distilled tetrahydrofuran. The apparatus was thoroughly flushed with 
dry nitrogen for 1 hour before use, and the reaction was conducted in nitrogen 
atmosphere. The mixture was warmed until all the traces of potassium had disappeared. 
This required about 4 hours in tetrahydrofuran. The salt is unstable, so it was prepared in-
situ. 
3.5.1.4 Synthesis of 1-(bromoalkyl) 2, 5-dithiophene -2-yl-1H-pyrrole 
 
 
 
 
 
SN
H
S SNS
(CH2)   Br
1. K, THF, 65°C, 4 h
2. Dibromalkane, DMSO,
    48h, RT 
n
Scheme 3.18 Bromoalkylation of 2,5-dithienyl-1-H-pyrrole via potassium salt 
intermediate 
 
Procedure 
Potassium salt of 2,5-dithienyl-1-H- pyrrole, prepared above, was dissolved in 15 mL 
dimethylsulphoxide and added dropwise to a stirred solution of dibromoalkane (5 fold 
excess) in 20 mL THF at room temperature. After stirring the reaction mixture for 48 h at 
room temperature, it was poured into 150 mL of aqueous saturated solution of sodium 
hydrogen carbonate. The product was extracted with diethyl ether and dried over 
magnesium sulphate. The solvent was removed under reduced pressure to afford the 
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crude product. The crude product was purified by column chromatography (silica gel; n-
hexane/dichloromethane = 1:1 as eluent) to a yellow liquid. 
 
 
 
 
 
 
4-(bromobutyl)- 2, 5-dithiophene -2-yl-1H-pyrrole 
Molecular Formula: C16H16NS2Br; Molecular Weight:  367 g/mol  
Yield: 68 %  
IR (KBr, cm-1): 3104-3074 (aromatic C-H stretch), 2929 (νas CH2 stretch), 2859 (νs CH2 
stretch), 1032, 1081 (thiophene rings), 1460, 1396 (pyrrole ring), 1245 (-CH2Br), 720, 
686, 649 (-CH2-bending). 
1H-NMR (500 MHz, CDCl3) δ, ppm:  7.32-7.31 (m, 2H, H-3, 3´), 7.09-7.08 (m, 2H, H-2, 
2´), 7.07-7.06 (m, 2H, H-1, 1´), 6.12-6.11 (m, 2H, H-4, 4´), 3.43-3.38 (t, 2H, H-8), 4.19 
(t, 2H, H-7), 1.85-1.29 (m, 4H, -(CH2) n-). 
13C-NMR (75 MHz, CDCl3) δ, ppm: 144.3 (C-5, 5`), 131.9 (C-2, 2`), 130.2 (C-1, 1’), 
129.9 (C-3, 3’), 121.8 (C-6, 6’), 109.6 (C-4, 4’), 48.8 (C-7), 28.9 (-CH2Br-), 27.6-25.3 (-
(CH2) n -). 
Elemental Analysis (Exptl. (Calcd.), %): C= 51.9 (52.3); H = 4.23 (4.35): N = 3.79 
(3.82): S = 16.99 (17.4). 
6-(bromohexyl)- 2, 5-dithiophene -2-yl-1H-pyrrole  
Molecular Formula: C18H18NS2Br; Molecular Weight: 395 g/mol  
Yield: 69% 
IR (KBr, cm-1): 3100-3072 (aromatic C-H stretch), 2928 (νas CH2 stretch), 2855 (νs CH2 
stretch), 1032, 1082 (thiophene rings), 1460, 1395 (pyrrole ring), 1245 (-CH2Br), 720, 
683, 646 (-CH2-bending). 
1H-NMR (500 MHz, CDCl3) δ, ppm:  7.32-7.30 (m, 2H, H-3, 3´), 7.09-7.08 (m, 2H, H-2, 
2´), 7.07-7.05 (m, 2H, H-1, 1´), 6.13-6.12 (m, 2H, H-4, 4´), 3.30-3.29 (t, 2H, H-6), 4.15 
Br
(     ) n 
8
7
N SS
3´ 3 6 6´ 5´5
1 4´ 42 2´1´
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(t, 2H, H-5), 1.72-1.22 (m, 8H, -(CH2) n-). 
13C-NMR (75 MHz, CDCl3) δ, ppm: 144.5 (C-5, 5`), 132.2 (C-2, 2`), 130.6 (C-1, 1’), 
130.1 (C-3, 3’), 122.2 (C-6, 6’), 110.3 (C-4, 4’), 48.4 (C-7), 28.7 (-CH2Br-), 27.8-25.7 (-
(CH2) n -). 
Elemental Analysis (Exptl. (Calcd.), %): C= 54.69 (54.68); H = 5.64 (5.56): N = 3.45 
(3.54): S = 16.26 (16.2). 
10-(bromodecyl) 2, 5-dithiophene -2-yl-1H-pyrrole 
Molecular Formula: C22H28NS2Br; Molecular Weight: 451 g/mol. 
Yield: 69% 
IR (KBr, cm-1): 3104-3071 (aromatic C-H stretch), 2927 (νas CH2 stretch), 2854 (νs CH2 
stretch), 1036, 1078 (thiophene ring), 1461, 1399 (pyrrole ring), 1250 (-CH2Br), 721, 
697, 645 (-CH2-bending). 
1H-NMR (500 MHz, CDCl3) δ, ppm:  7.30-7.29 (m, 2H, H-3, 3´), 7.08-7.07 (m, 2H, H-2, 
2´), 7.06-7.05 (m, 2H, H-1, 1´), 6.14-6.13 (m, 2H, H-4, 4´), 3.4-3.38 (t, 2H, H-6), 4.12-
4.09 (t, 2H, H-5), 1.75-1.29 (m, 16H, -(CH2) n-). 
13C-NMR (75 MHz, CDCl3) δ, ppm: 143.9 (C-5, 5`), 131.8 (C-2, 2`), 130.2 (C-1, 1’), 
129.6 (C-3, 3’), 122.2 (C-6, 6’), 110.6 (C-4, 4’), 48.9 (C-7), 29.6 (-CH2Br-), 27.8-26.1 (-
(CH2) n -). 
Elemental Analysis (Exptl. (Calcd.), %): C= 58.41 (58.5); H = 6.40 (6.21): N = 3.19 
(3.1): S = 14.19 (14.1). 
12-(bromododecyl) 2, 5-dithiophene -2-yl-1H-pyrrole 
Molecular Formula: C24H32NS2Br; Molecular Weight:  479 g/mol. 
Yield: 70 % 
IR (KBr, cm-1): 3101-3071 (aromatic C-H stretch), 2953 (νas CH2 stretch), 2859 (νs CH2 
stretch), 1033, 1081 (thiophene rings), 1460, 1397 (pyrrole ring), 1255 (-CH2Br), 720, 
680, 655 (-CH2-bending). 
1H-NMR (500 MHz,CDCl3) δ, ppm:  7.30-7.29 (m, 2H, H-3, 3´), 7.09-7.08 (m, 2H, H-2, 
2´), 7.07-7.06 (m, 2H, H-1, 1´), 6.14-6.12 (m, 2H, H-4, 4´), 3.4-3.35 (t, 2H, H-6), 4.12-
4.09 (t, 2H, H-5), 1.77-1.25 (m, 20H, -(CH2) n-). 
13C-NMR (75 MHz, CDCl3) δ, ppm: 144.7 (C-5, 5`), 131.8 (C-2, 2`), 130.9 (C-1, 1’), 
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130.7 (C-3, 3’), 122.1 (C-6, 6’), 110.8 (C-4, 4’), 48.9 (C-7), 29.3 (-CH2Br-), 27.9-25.9 (-
(CH2) n -). 
Elemental Analysis (Exptl. (Calcd.), %): C= 54.7 (55.1); H = 7.20 (6.68): N = 2.12 
(2.92): S = 13.0 (13.4). 
 
3.5.1.5 Synthesis of [(2,5-Dithiophen-2-yl-pyrrol-1-yl)-alkyl]-phosphonic acid 
 
 
 
 
 
 
SNS
(CH2)  Br
P(OSiMe3)3 SNS
(CH2)  PO3H2n
1.) 
2.) MeOH/Water (1:1), 2h
n
Scheme 3.19 Phosphorylation –Michaelis-Arbuzov’s Rearrangement 
 
Procedure 
1.5 g 1-(bromoalkyl) 2,5-dithiophene -2-yl-1H-pyrrole was taken in a three-necked flask. 
4-fold excess tris (trimethylsilyl) phosphite was added to it, and the reaction mixture was 
heated to 160°C with continuous nitrogen supply. Trimetylsilylbromide was collected as 
the side product. The reaction temperature was maintained at 160°C for 4.5 h. After 
cooling the hydrolysis was carried out with methanol and distilled water 1:1 mixture at 
room temperature. Methanol was removed under reduced pressure, and the product was 
freeze dried. Substance is highly unstable at room temperature and need to be stored at 
low temperature. The product was obtained in high yields. 
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[(2,5-dithiophen-2-yl-pyrrol-1-yl)-butyl]-phosphonic acid 
Molecular Formula: C16H18NS2PO3; Molecular Weight: 367 g/mol. 
(     ) n
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Yield: 87 %  
Melting Point: 125°C 
1H-NMR (500 MHz, Methanol-d4) δ, ppm: 7.40-7.39 (m, 2H, H-3, 3´), 7.13-7.12 (m, 
2H, H-2, 2´), 7.11-7.10 (m, 2H, H-1, 1´), 6.15-6.14 (m, 2H, H-4, 4´), 4.26-4.25 (t, 2H, 
H-7), 1.68-1.26 (m, 6H, -(CH2) n-). 
13C-NMR (75 MHz, Methanol-d4) δ, ppm: 143.9 (C-5, 5´), 132.9 (C-2,2´), 130.9 (C-
1,1´), 129.8 (C-3,3´), 110.9 (C-4,4´), 121.1 (C-6,6´), 47.9 (C-7), 37.6 (−CH2−P), 22 & 
25 (−(CH2)n−). 
31 PNMR δ (ppm):  26.12. 
IR (KBr, cm-1): 2925 (νas CH2 stretch), 2856 (νs CH2 stretch), 2255 (P-OH), 1035, 
1086  (thiophene ring), 1460, 1391 (pyrrole ring), 1218 (P=O), 1065  (νas P-O-C), 1025 
(νs P-O-C), 847. 
Elemental Analysis (Exptl. (Calcd.), %): C= 51.9 (52.3); H = 5.02 (4.9): N = 3.69 
(3.81): S = 17.32 (17.44). 
Mass Spectroscopy (m/z): 284, 367, 734. 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-hexyl]-phosphonic acid  
Molecular Formula: C18H18NS2PO3; Molecular Weight:  395 g/mol  
Yield: 89% 
Melting Point:  115°C 
1H-NMR (500 MHz, Methanol-d4) δ, ppm: 7.41-7.40 (m, 2H, H-3, 3´), 7.12-7.11 (m, 
2H, H-2, 2´), 7.10-7.09 (m, 2H, H-1, 1´), 6.16-6.15 (m, 2H, H-4, 4´), 4.27-4.24 (t, 2H, 
H-7), 1.65-1.21 (m, 10H, -(CH2) n-).  
13C-NMR (75 MHz, Methanol-d4) δ, ppm:  143.5 (C-5, 5´), 131.3 (C-2,2´), 130.9 (C-
1,1´), 129.1 (C-3,3´), 110.9 (C-4,4´), 121.1 (C-6,6´), 48.1 (C-7), 29.89 (−CH2−P), 28.2-
26.12 (−(CH2)n−). 
31 PNMR δ (ppm):  29.99. 
IR (KBr, cm-1): 2928 (νas CH2 stretch), 2853 (νs CH2 stretch), 2256 (P-OH), 1031, 
1084  (thiophene ring), 1464, 1392 (pyrrole ring), 1220 (P=O), 1067  (νas P-O-C), 1020 
(νs P-O-C), 850. 
Elemental Analysis (Exptl. (Calcd.), %): C= 54.32 (54.68); H = 5.39 (5.57): N = 3.54 
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(3.55): S = 15.99 (16.20). 
Mass Spectroscopy (m/z): 231.9, 314, 396, and 789. 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-decyl]-phosphonic acid 
Molecular Formula: C22H30NS2PO3; Molecular Weight: 451 g/mol 
Melting Point: 85°C 
1H-NMR (500 MHz, Methanol-d4) δ, ppm: 7.41-7.39 (dm, 2H, H-3, 3´), 7.1-7.09 (m, 
2H, H-2, 2´), 7.08-7.07 (m, 2H, H-1, 1´), 6.24 (m, 2H, H-4, 4´), 4.22-4.20 (t, 2H, H-7), 
1.67-1.24 (m, 18H, -(CH2) n-). 
13C-NMR (75 MHz, Methanol-d4) δ, ppm:  144.5 (C-5,5´), 132.7 (C-2,2´), 130.5 (C-
1,1´), 129.3 (C-3,3´), 111.5 (C-4,4´), 121.76 (C-6,6´), 49.4 (C-7), 30.12 (−CH2−P), 
29.89-25.12 (−(CH2)n−). 
31 PNMR δ (ppm):  27.09. 
IR (KBr, cm-1): 2929 (νas CH2 stretch), 2856 (νs CH2 stretch), 2254 (P-OH), 1034, 
1083 (thiophene ring), 1464, 1395 (pyrrole ring), 1223 (P=O), 1063  (νas P-O-C), 1019 
(νs P-O-C), 863. 
Elemental Analysis (Exptl. (Calcd.), %): C= 58.39 (58.5); H = 6.20 (6.21): N = 3.21 
(3.1): S = 13.87 (14.1). 
Mass Spectroscopy (m/z): 284, 367, 451.  
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-dodecyl]-phosphonic acid 
Molecular Formula: C24H34NS2PO3; Molecular Weight: 479 g/mol. 
Melting Point: 70°C 
IR (KBr, cm-1): 2924 (νas CH2 stretch), 2854 (νs CH2 stretch), 2250 (P-OH), 1036, 
1081  (thiophene ring), 1462, 1396 (pyrrole ring), 1194 (P=O), 1062  (νas P-O-C), 1009 
(νs P-O-C), 873. 
1H-NMR (500 MHz, Methanol-d4) δ, ppm: 7.40-7.39 (m, 2H, H-3, 3´), 7.1-7.09 (m, 
2H, H-2, 2´), 7.08-7.07 (m, 2H, H-1, 1´), 6.17-6.15 (m, 2H, H-4, 4´), 4.25-4.22 (t, 2H, 
H-7), 1.67-1.00 (m, 22H, -(CH2) n-). 
13C-NMR (75 MHz, Methanol-d4) δ, ppm:  145.5 (C-5, 5´), 131.9 (C-2,2´), 131.5 (C-
1,1´), 1230.1 (C-3,3´), 112.5 (C-4,4´), 120.76 (C-6,6´), 49.2 (C-7), 30.34 (−CH2−P), 
29.76-26.9 (−(CH2)n−). 
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31 PNMR δ (ppm):  30.23 
Elemental Analysis (Exptl. (Calcd.), %): C= 54.7 (55.1); H = 7.20 (6.68): N = 2.12 
(2.92): S = 13.0 (13.4). 
Mass Spectroscopy (m/z): 231.9, 313, 398 and 480. 
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Fig. 3.3 IR spectrum of  [(2,5-dithiophen-2-yl-pyrrol-1-yl)-dodecyl]-phosphonic acid 
3.6 Synthesis of [4-(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-
phosphonic acid  
 
3.6.1 Synthesis of [4-(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic 
acid diethyl ester 
 
 
 
 
 
 
SS O O
NH2C6H4(CH2)PO(OEt)2
SNS
CH2PO(OEt)2
HOAc
 48h, reflux
+
Ethanol, 
Toluene : HOAc
(3:1), 18 h, reflux
Route A
Route B
Scheme 3.20 Modified Paal-Knorr cyclisation to obtain N-functionalised 2,5-dithienyl-
pyrrole derivative. 
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Route A 
500 mg (2.0 mmol) of 1,4-bis(2-thienyl) butane-1,4-dione and 1,5 mmol of amine in 25 
mL of ethanol was refluxed for 2 days under inert atmosphere. The reaction progress was 
monitored by TLC. The reaction was cooled to room temperature, and the solvent was 
then removed under reduced pressure. The residue was partitioned between water and 
diethyl ether. The combined organic extract was washed with water and dried over 
anhydrous sodium sulphate. Column chromatography (silica gel, ethyl acetate) was used 
to purify the crude product to afford creamish white crystals. 
Route B 
A 50 mL three-necked round bottom flask equipped with a Dean-Stark trap, a reflux 
condenser, and a nitrogen balloon was charged with 1,4-bis(2-thienyl)butane-1,4-dione 
(500 mg, 2.00 mmol) and diethyl benzylamine phosphonic acid ester (8.00 mmol) in 30 
mL of  3:1 toluene:acetic  (v/v) acid solution. The reaction mixture was refluxed at 140-
150°C for 18 h (monitored the reaction by TLC) and then cooled to room temperature. 
The dark brown solution was then transferred to a saturated solution of sodium carbonate. 
The organic layer was separated and the aqueous was then extracted with toluene (10 mL 
x 3). The combined organic layers were washed with water, dried over anhydrous MgSO4 
and concentrated in vacuum. The residue was purified by column chromatography (silica 
gel, n-hexane: CH2Cl2, 1:1). 
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[4-(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid diethyl ester 
Molecular Formula: C23H39NS2PO3; Molecular Weight: 457 g/mol. 
Yield: 85% (Route A); 88% (Route B). 
Melting Point: 154°C 
IR (KBr, cm-1): 3109-3100 (aromatic C-H stretch), 2928 (νas CH2 stretch), 2854 (νs CH2 
stretch), 1036, 1081  (thiophene ring), 1462, 1396 (pyrrole ring), 1234 (P=O), 1067  (νas 
P-O-C), 1042-950 (νs P-O-C), 750 (Fig.4.4). 
1H-NMR (500 MHz, Methanol-d4) δ, ppm: 7.36-7.35 (m, 2H, H-3, 3´), 7.34-7.32 (m, 
2H, H-8, 8´), 7.15-7.14 (m, 2H, H-1, 1´), 7.03-7.01 (m, 2H, 2, 2´), 6.77 (m, 2H, H-7, 7´), 
5.96 (m, 2H, 4, 4´), 4.04-4.01 (m, 4H, 10, 10´), 3.23-3.19 (-CH2-, 2H, H-9), 1.24-1.22 (t, 
6H, -CH3-, H-11, 11´). 
31 PNMR δ (ppm):  25.49 
Elemental Analysis (Exptl. (Calcd.), %): C= 60.21 (60.39); H= 5.34 (5.25); N= 3.02 
(3.06); S=13.86 (14.00). 
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In route B formation of side product was observed due to incomplete cyclisation. From 
1H-NMR and IR analysis it was found to be an oxime derivative (Fig. 3.4). The side 
product is easily separable from the main product. Route B is the preferred mode for 
synthesis due to short reaction time and comparable yield to that of route A. 
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Fig. 3.4 IR spectra of the products formed (blue: main product, [4-(2,5-Di-thiophen-2-yl-
pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid diethyl Ester; pink: side product) 
 
3.6.2 Synthesis of [4-(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic 
acid 
  
 
 
 
 
 
 
 
SNS
CH2PO3H2
SNS
CH2PO(OEt)2
(i) BTMS, CHCl 3, 0°C, 1h
(ii) 2 h, R.T.
Scheme 3.21 Hydrolysis of the phosphonic acid ester 
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Procedure 
5 times excess of trimethylsilylbromide (BTMS) was added to 0.27 g (1 mmol) of [4-
(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid diethyl ester in 5 mL 
dry chloroform at 0°C. After 1 h stirring at 0°C, the reaction mixture was stirred at room 
temperature for 2 h. Solvent and excess of trimethylsilylbromide was removed by rotary 
evaporation. The product was hydrolysed by addition of methanol and water mixture 
(2:1) under inert atmosphere for 2 h. The solvent was removed by freeze-drying to get the 
reasonably pure product, creamish in colour. 
 
 
 
 
 
 
 
 
[4-(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid 
Molecular Formula: C19H16NS2PO3; Molecular Weight:  401 g/mol. 
Yield: 85% 
Melting Point: 201°C 
IR (chloroform, cm-1): 3112-3100 (aromatic C-H stretch), 2930 (νas CH2 stretch), 2856 
(νs CH2 stretch), 1036 & 1081  (thiophene ring), 1462 & 1396 (pyrrole ring), 1240-1232 
(P=O), 1005- 1042 (P-O-H), 750 (δ CH2 bending) (Fig. 4.5). 
1H-NMR (MeOD) δ, ppm:  7.49-7.47 (mdd, 2H, H-3, 3´), 7.35-7.34 (m, 2H, H-8, 8´), 
7.19-7.17 (m, 2H, H-1, 1´), 7.16-7.15 (m, 2H, 2, 2´), 6.86 (m, 2H, H-7, 7´), 6.59 (m, 2H, 
H-4, 4´), 3.38-3.33 (-CH2-, 2H, H-9). 
31 PNMR δ (ppm):  23.21 
Elemental Analysis (Exptl. (Calcd.), %): C= 55.74 (56.86); H = 3.32 (3.99); N = 3.25 
(3.49); S = 15.68 (15.96). 
Mass Spectroscopy (m/z): 402.1, 319, 232. 
42 1 2´4´ 1´
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3.7 Synthesis of [(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkenyl]-
trimethoxysilane 
Method analogous to that described for (N-pyrrolyl) alkyl silanes was used [37]. The first 
step was the conversion of 2,5-dithienylpyrrole into its potassium salt, which served as a 
precursor for the synthesis of its alkene analog [226-227, 243]. Complete anhydrous and 
inert atmosphere is needed for its synthesis. Alkylation is achieved without the isolation 
of the potassium salts by addition of an excess of the appropriate alkene halide at room 
temperature. The [(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkenyl]-trimethoxysilane was 
obtained by hydrosilylation of 1-(alkene) 2, 5-dithiophene -2-yl-1H-pyrrole according to 
Anti-Markowikow mechanism [244-245]. 
Hexachloroplatinic acid was used as hydrosilylated catalyst due to the mild reactive 
conditions. 1,3-divinyl-1,1,3,3-tetramethyldisiloxan platin (0)-complex is a homogeneous 
catalyst and has high selectivity for reaction compared to hexachloroplatinic acid [246]. 
We have used the homogeneous catalyst 1,3-1,1,3,3-tetramethyldisiloxan-platin (0)-
complex for effective silylation. The long chain derivative was found to be more stable 
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than the short chain. The compound with 11 carbons is a colourless liquid while the 6-
carbon derivative is yellow coloured when freshly synthesized. Both turns darker on 
standing and must be used immediately for further applications. Like other silane-
derivatives they are very prone to hydrolysis and must be handled under complete 
anhydrous and inert conditions. 
 
Scheme 3.22 Compelete reaction pathway for the synthesis of [(2,5-dithiophen-2-yl-
pyrrol-1-yl)-alkenyl]- trimethoxysilane 
SNS
H
SNS
K
Br(CH2)  CH=CH2
SNS
(CH2)  CH=CH2
SNS
(CH2)    Si (OMe)3
+ K THF, 65°C
4h
n
nn+1
(i) Platin catalyst, 
     0°C, 1 h
(ii) R. T., overnight
48 h, DMSO
 
3.7.1 Synthesis of 1-(alkene) 2, 5-dithiophene -2-yl-1H-pyrrole 
 
 
Scheme 3.23 Synthesis of 1-(alkene) 2, 5-dithiophene -2-yl-1H-pyrrole 
SNS
H
SNS
K
Br(CH2)  CH=CH2
SNS
(CH2)  CH=CH2
+ K THF, 65°C
4h
n
n
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Procedure: 
0.0514 g (1.3 mmol) potassium metal, freshly cut into pieces in-heptane, was added 
under stirring to a solution of 0.381 g (1.64 mmol) 2,5-dithienyl-1-H- pyrrole in 15 mL 
freshly distilled tetrahydrofuran. The apparatus was flushed thoroughly with dry nitrogen 
for 1 hour before use, and the reaction was conducted in nitrogen atmosphere. The 
mixture was warmed until all the traces of potassium had disappeared. This required 
about 4 hours in tetrahydrofuran. The salt is unstable, so it was prepared in-situ.  
The potassium salt of 2,5-dithienyl-1-H- pyrrole was dissolved in 15 mL of 
dimethylsulphoxide and added dropwise to a stirred solution of bromoalkene (2.5 fold 
excess) in 20 mL of THF at room temperature. After stirring the reaction mixture for 48 h 
at room temperature, the mixture was poured into 150 mL aqueous saturated sodium 
sulphate solution. After extracting with diethyl ether, the solution was dried over 
magnesium sulphate. The solvent was removed under reduced pressure to afford the 
crude product. The product was purified by column chromatography (silica gel; n-
hexane/dichloromethane = 1:1 as eluent) to a yellow liquid.  
 
 
 
 
 
 
 
1-(hexene) 2, 5-dithiophene -2-yl-1H-pyrrole 
Molecular Formula:  C23H29NS2; Molecular Weight: 383 g/mol. 
Yield: 75 % 
IR (chloroform, cm-1): 3020-3100 (=C-H & =CH2 and aromatic C-H stretch), 2925 (νas 
CH2 stretch), 2855 (νs CH2 stretch), 1641 (C=C), 1030, 1078 (thiophene ring), 1465, 
1387 (pyrrole ring), 880-995 (=C-H, =CH2 stretch), 780-850 (out-of-plane bending). 
1H-NMR (CDCl3) δ, ppm: 7.31-7.30 (m, 2H, H-3, 3´), 7.09-7.05 (m, 4H, H-2, 2’, H-1, 
1´), 6.32-6.30 (m, 2H, H-4, 4´), 5.69-75.67 (m, =CH2, H-10), 4.89 (m, -CH=, H-11), 
11
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8
5´65
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(     ) n 
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4.14-4.11 (t, -N-CH2, H-7), 2.03-2.01 (m, 2H, H-9), 1.84-1.83 (m, 2H, H-8), 1.46-1.44 
(m, 2H, -(CH2) n-). 
13C-NMR (500 MHz, CDCl3) δ, ppm:  143.5 (C-5,5´), 135.6 (C-8), 132.9 (C-2,2´), 
), 131.2 (C-1,1´), 129.91 (C-3,3´), 113.45 (C−9), 110.7 (C-4,4´), 121.1 (C-6,6´), 48.5 (C-
7), 30.89 −27.89 (−(CH2)n−). 
Elemental Analysis (Exptl. (Calcd.), %): C= 68.54 (68.97); H = 6.01 (6.11); N = 4.38 
(4.47); S = 19.89 (20.45). 
1-(undecene) 2, 5-dithiophene -2-yl-1H-pyrrole 
Molecular Formula:  C21H27NS2; Molecular Weight: 313 g/mol. 
Yield: 74 % 
IR (chloroform, cm-1): 3020-3100 (=C-H & =CH2 and aromatic C-H stretch), 2927 (νas 
CH2 stretch), 2854 (νs CH2 stretch), 1649 (C=C), 1035, 1078 (thiophene ring), 1463, 1384 
(pyrrole ring), 897-995 (=C-H , =CH2 stretch), 780-855 (out-of-plane bending). 
1H-NMR (CDCl3) δ, ppm: 7.31-7.30 (dd, 2H, H-3, 3´), 7.10-7.04 (dd, 4H, H-2, 2’, 1, 1´), 
6.31-6.30 (dd, 2H, H-4, 4´), 5.83 –5.80 (m, =CH2, H-10), 5.00-4.96 (m, -CH=, H-11), 
4.12-4.09 (t, -N-CH2, H-7), 2.04-2.03 (m, 2H, H-9), 1.84-1.83 (m, 2H, H-8), 1.45-1.34 
(m, 12H, -(CH2) n-). 
13C-NMR (500 MHz, CDCl3) δ, ppm:  143.5 (C-5, 5´), 136.2 (C-8), 133.1 (C-
2,2´), 131.2 (C-1,1´), 129.90 (C-3,3´), 112.87 (C−9), 112.7 (C-4,4´), 120.7 (C-6,6´), 
48.53 (C-7), 30.94 −28.89 (−(CH2)n−). 
Elemental Analysis (Exptl. (Calcd.), %): C= 71.69 (72.01); H = 7.51 (7.62); N = 3.38 
(3.65); S = 15.87 (16.71). 
 
3.7.2 Synthesis of  [(2,5-Dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane 
  
 
 
 
 
SNS
(CH2)  CH=CH2
SNS
(CH2)    Si (OMe)3n n+1
(i) Platin catalyst, 
     0°C, 1 h
(ii) R. T., overnight
Scheme 3.24 Synthesis of  [(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane 
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Procedure 
In a round bottom flask 0.5 g of 1-(alkene) 2, 5-dithiophene -2-yl-1H-pyrrole, 5 mL 
trimethoxysilane and a catalytic amount of 1,3-divnyl-1,1,3,3-tetramethylsiloxane platin 
complex were added at –5-0 °C. After 1 h stirring at low temperature, the mixture was 
stirred overnight at room temperature. The excess of trimethoxysilane was removed 
under reduced pressure to get the crude product. 
 
 
 
 
 
 
 
 
 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-hexyl]-trimethoxysilane 
Molecular Formula: C21H29NS2SiO3; Molecular Weight: 435 g/mol. 
IR (chloroform, cm-1): 3112-3073 (aromatic C-H stretch), 2925 (νas CH2 stretch), 2855 
(νs CH2 stretch), 1554 (thiophene ring), 1475, 1364 (pyrrole ring), 1090 (Si-O-Me), 842. 
1H-NMR (500 MHz, CDCl3) δ, ppm: 7.33-7.32 (m 2H, H-3, 3´), 7.19-7.17 (m 2H, H-1, 
1´), 7.10-7.08 (m 2H, 2, 2´), 6.35 (m, 2H, H-4, 4´), 4.12 (t, -N-CH2, H-7), 3.63 (s, Si-
OCH3, 9H), 2.64-1.24 (-(CH2) n+1-). 
13C-NMR (75 MHz, CDCl3) δ, ppm: 143.5 (C-5,5´), 136.8 (C-2,2´), 130.9 (C-1,1´), 
129.1 (C-3,3´), 110.9 (C-4,4´), 121.1 (C-6,6´), 50.98 (Si-OCH3), 48.95 (C-7), 
34.43−29.82 (−(CH2)n−), 11.65 (C−9). 
29Si-NMR (75 MHz, CDCl3) δ, ppm: 40.44 
Elemental Analysis (Exptl. (Calcd.), %): C= 57.89 (57.76); H = 6.69(6.92); N = 3.45 
(3.21); S = 14.45 (14.68). 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-undecyl]-trimethoxysilane  
Molecular Formula: C26H39NS2SiO3; Molecular Weight:  505 g/mol. 
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IR (chloroform, cm-1): 3110-3070 (aromatic C-H stretch), 2929 (νas CH2 stretch), 2859 
(νs CH2 stretch), 1556 (thiophene ring), 1473, 1368 (pyrrole ring), 1442-1368 (C-N), 
1086 (Si-O-Me), 856. 
1H-NMR (500 MHz, CDCl3) δ, ppm: 7.31-7.30 (m, 2H, H-3, 3´), 7.18-7.17 (m, 2H, H-1, 
1´), 7.08-7.06 (m, 2H, 2, 2´), 6.34 (m, 2H, H-4, 4´), 4.22 (t, -N-CH2, H-7), 3.65 (s, Si-
OCH3, 9H), 2.66-1.25 (-(CH2) n+1-). 
13C-NMR (75 MHz, CDCl3) δ, ppm:  143.5 (C-5, 5´), 136.68 (C-2, 2´), 130.9 (C-1, 1´), 
129.1 (C-3,3´), 110.9 (C-4,4´), 121.1 (C-6,6´), 50.87 (Si-OCH3), 48.45 (C-7), 
35.54−28.97 (−(CH2)n−), 11.65 (C−9). 
29Si-NMR (75 MHz, CDCl3) δ, ppm: 40.20 
Elemental Analysis (Exptl. (Calcd.), %): C= 61.54 (61.62); H = 7.65 (7.95); N = 2.87 
(2.76); S = 12.45 (12.65). 
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Fig. 3.6 IR spectrum of  [(2,5-dithiophen-2-yl-pyrrol-1-yl)-undecyl]-trimethoxysilane 
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3.8 UV-Vis Spectroscopy of the Derivatised Monomers 
The optical properties of the tricyclic monomers were investigated using UV-Vis 
spectroscopy. When sample molecules are exposed to light having an energy that 
matches a possible electronic transition within the molecule, some of the light energy will 
be absorbed as the electron is promoted to a higher energy orbital. An optical 
spectrometer records the wavelengths at which absorption occurs, together with the 
degree of absorption at each wavelength. The resulting spectrum is presented as a graph 
of absorbance (A) versus wavelength (Fig. 3.7). 
The absorbance (A) of a UV band is calculated by Beer Lambert’s Law: 
 
          Equation 3.1 
 A = ε.c. l = log (Io/I) 
Where, 
ε = Μolar extinction coefficient (cm2 mol-1 or L mol-1cm-1) 
c = Concentration of the analyte (mole L-1) 
l = Path length (cm) 
Io = Intensity of incident light  
I = Intensity of transmitted light 
The absorption bands observed in these systems are due to electronic transitions from the 
ground state to an excited state. During such a transition in a molecule, electrons are 
promoted from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO) (Scheme 3.25a). In semiconductor bulk solid or nanoclusters, 
the transitions occur between the valence band (VB) and conduction band (CB), as shown 
in (Scheme 3.25b). The VB and CB are the solid-state analogue of the HOMO and 
LUMO of a molecule. Eg is the band gap or energy difference between the valence and 
conduction bands. 
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Scheme 3.25 Energy diagram and electronic transitions in (a) a molecule and (b) in a 
bulk solid
 
The wavelength of the electronic transition depends on the difference between the ground 
state and the excited state. There are many factors governing λmax and hence, ∆E or Eg 
e.g. the structure of the molecule, degree of conjugation, planarity, type of transition 
(σ→σ*, n→σ*, π→π*, n→π*). 
The photon energy is typically described by the following equation, 
 
             Equation 3.2 E = hν = hc/λ 
Where, 
E = Energy in Joules (6.241 x 1018 eV) 
h = Planck’s constant (6.636 x 10-34 Js-1) 
λ = Wavelength (nm) 
ν = Frequency (s-1) 
c = Speed of light (3 x 108 ms-1) 
 
Table 3.3 compares the data for peak oxidation potential (Epa) and long wavelength 
adsorption for these monomers with the corresponding single ring systems and various 
substituted triheterocyle containing thiophene-pyrrole-thiophene (SNS) unit. The 
expectation that the resonance and inductive effects of the flanking thiophene rings might 
manifest themselves in similar fashion throughout the series is sustained. Compared to 
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the single ring system, the tricyclic monomers show a bathochromic shift due to 
increased conjugation.  
Table 3.3 Oxidation and reduction potentials of the SNS derivatives (* vs. Ag/AgNO3, 
0.1 M in acetonitrile). 
(SSS = terthiophene; SNS = 2,5-dithienylpyrrole; SMS = N-methyl (2,5-thienylyprrole); SBS = N-butyl 
(2,5-thienylyprrole)) [a]- [168]; [b]- [248]; [c]- [191]; [d]- [249]; [f]- [195]. 
Monomer Oxidation 
Peak* 
Polymerization 
peak* 
Reduction 
peak* 
λ max (nm) Energy 
hν, (eV) 
Pyrrole [a] 0.97    225  
Bipyrrole [b] 0.23    276  
Thiophene [e] 1.5   231 [c]  
SSS 0.56 1.11  353 3.51 
SNS [d]  0.303 0.899  349 3.56 
SBS [f] 0.58 0.794  −  
SNS4P 0.4 0.84 0.5 306 4.06 
SNS6P 0.406 0.97  308 4.08 
SNS10P 0.4 0.84 0.5 310 4.01 
SNS12P 0.41 0.83 0.5 310 4.01 
ArP 0.37 0.91 0.5 342 3.68 
SNS6TMS 0.52 0.73  302 4.10 
SNS11TMS 0.40 0.95  310 4.01 
 
The hypsochromic shift in λmax in N-substituted derivatives (SMS, SNSnP and ArP) is 
possibly due to the distortion of the main chain conjugation resulting from the presence 
of the substitutent at N-position. This is because the rings have difficulty in attaining 
coplanarity due to steric interaction of N-(CH2)nPO3H2  with β-hydrogens of the adjacent 
rings [177,206].  A similar effect has been observed in case of pyrrole analogues 
[207,247]. 
Comparing the λmax of various SNSnP derivatives, we observe that the chain length of the 
substituent (N-(CH2)nPO3H2  (n= 4, 6, 10 ,12)) did not effect the wavelength of maximum 
adsorption. 
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Fig. 3.7 UV-Vis spectra of SNS derivatives in ethanol (Concentration = 1 mg/mL) 
  
The variation in the energy of long wavelength adsorption (hν) for SNS and SMS in table 
3.3 reflects the differences in the HOMO-LUMO separation (∆) for these systems [250]. 
This parameter is similar for SNS and SSS, where a planar conformation can be achieved 
for both ground and excited states. The situation in case of SNSnP derivatives is different 
than the unsubstituted trimeric systems. The increase in hν is because the rings have 
difficulty in attaining coplanarity due to the bulky substituent. This loss of resonance 
stabilization perhaps increases the energy of both HOMO and LUMO [191]. If we make 
the simple assumption that the trends in hν can be manifested in the band gap, we can see 
clearly from the Fig. 3.8 that derivatisation increases the band gap of the monomers, 
SMS, ArP and SNSnP all lie above the SNS and SSS monomers. 
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Fig. 3.8 HOMO-LUMO separation (hν, eV) for SXS monomers 
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In case of silane derivatives, we can see from Fig. 3.9, there is a bathochromic shift from 
302 to 310 nm with increasing chain length from 6 to 11 carbon atom, respectively. This 
can also be explained in terms of hindrance to planarity with increasing size of the 
substitutent. 
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Fig. 3.9 UV-Vis spectra of SNSnTMS derivatives in ethanol 
 
From Table 3.4 we can clearly see that substitution at N-position in pyrrole brings about a 
bathochromic shift in the wavelength of maximum adsorption. This is effect is more 
pronounced when we have an aromatic substituent, e.g. phenyl at N-position. This is 
possibly explained in terms of inductive and electronic effects of the respective group. 
The λmax for 3-phenyl pyrrole is in the same range as that of N-substituted pyrrole 
derivatives. The second maximum at 277 nm is due to the phenyl group. 
Table 3.4 Results of oxidation potential and maximum wavelength adsorption for pyrrole 
based monomers. 
 
Monomer λmax, nm Epa Epc 
Pyrrole 208 0.85 - 
N-methyl pyrrole 228 0.95 - 
N-phenyl pyrrole 244, 277 0.95 - 
3-phenyl pyrrole 230, 274 1.0 - 
C10PhP 228, 276 0.58, 1.12 0.62 
C12PhP 228, 276 0.50, 1.11 0.60 
*C10P 217 0.51, 0.95 - 
*C12P 220   0.48, 1.10 - 
*C10P = 10-(pyrrol-1-yl decyl) phosphonic acid; *C12 = 12-(pyrrol-1-yl dodecyl) phosphonic acid. 
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Fig 3.10 UV-Vis spectra of pyrrole based monomers 
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3.9 Fluorescence Spectroscopy 
Molecular fluorescence is the optical emission from molecules that have been excited to 
higher energy levels by absorption of electromagnetic radiations. The main advantage of 
fluorescence detection compared to absorption measurements is the greater sensitivity 
achievable because the fluorescence signal has in principle a zero background. The most 
common graphical tool used to describe fluorescence emission is the Jablonski Diagram. 
The diagram depicts the energy states of electrons in a fluorescent molecule as horizontal 
lines and energy differences as vertical distances. The ground (S0) and first excited states 
(S1) of the electron are responsible for fluorescence emission.  
For a molecule to be fluorescent it must have an electron with the following property: the 
lowest vibrational energy mode in S1 must be significantly more stable than the higher 
energy states of S1. 
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Scheme 3.26 Transitions between molecular electronic energy levels 
For a typical fluorescent molecule the time required to absorb a photon of light is 
approximately 10-15 seconds. The electron absorbs a photon and is rapidly kicked from 
the lowest energy state of S0 to some high-energy state of S1. The electron then rapidly 
falls, via non-radiating processes, to the lowest energy state of S1. There it sits for a time 
before falling to some (usually high energy) state in S0. And emitting a photon whose 
wavelength is determined by the energy difference between the S1 and S0 states. Finally, 
the electron gives up some of its energy to thermal processes and falls from the high 
energy S0 state to the lowest energy state in S0.  
The energy of the photon emitted is always less than the energy of the photon absorbed 
for two reasons: (1) the rapid, non-radiative fall from the high energy modes in S1 to the 
meta-stable, lowest energy mode. This process is called internal conversion. And (2) the 
fact that photon emission does not drop the excited electron to the lowest energy state of 
S0 from which it started. 
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We determined excitation spectra by measuring emission at a fixed wavelength while 
varying the excitation wavelength. Conversely, we measure emission spectra by exciting 
at a single wavelength and varying the wavelength at which we measure emission. 
            For every compound, fluorescence was excited at the wavelength of maximum 
absorbance (Table 3.3). Fluorescence was relatively strong (1 % attenuator, slit width 15 
nm). SNS seems to have a higher quantum yield; the other compounds show no 
significant differences (with respect to the experimental error level and the underlying 
physical principles). There is no dependence of emission wavelength on the chain length 
of the derivatives. The Stokes shift for the monomers is ~ 100 nm. 
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Fig. 3.11 Fluorescence spectra of SNS and SNSnP derivatives 
3.10 Cyclic Voltammetry 
Cyclic Voltammetry is an electrochemical technique that involves controlling the 
potential of an electrode while simultaneously measuring the current flowing at that 
electrode. In cyclic voltammetry, the working electrode potential is swept back and forth 
across the formal potential of the analyte. Repeated reduction and oxidation of the analyte 
causes alternating cathodic and anodic currents flow at the electrode. The signal of 
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state. The peak current decreases because the layer becomes inactive upon further 
cycling. The polymerization peak shifts to 0.68 V for SNS12P and 0.7 V for SNS10P (vs. 
Ag/Ag+(0.1 M in CH3CN)) because of the formation of more conjugated π-system. 
For short chain derivatives, n = 4 and 6, we see only one oxidation peak in the successive 
runs. This is perhaps of the easy oxidation and enough number of cation-radicals formed 
in the first cycle (Fig. 3.12). 
The CV curves for ArP looks similar to long chain derivatives (Fig. 3.13). The oxidation 
peak is observed at 0.37 V and during successive cycling the anodic peak reduces to a 
lower value probably due to formation of more π-system. 
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Fig. 3.13 Cyclic voltammetry of [4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-
phosphonic acid, ArP (0.1 M NBu4BF4 in acetonitrile) 
 
In case of silane derivatives we observe the oxidation peak at 0.42 V followed by 
polymerization at ~ 0.95 V (Fig. 3.14). The black polymer formed detaches itself from 
the electrode and falls into the solution. The so formed polymer or oligomer is soluble in 
the electrolyte solution and turns the solution bluish green after some cycles. 
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Fig. 3.14 Cyclic voltammetry of SNS11TMS & SNS6TMS (0.1 M NBu4BF4 in 
acetonitrile) 
 
The CV curves for (3-Phenyl-pyrrol-1-yl)-alkyl phosphonic acids also show an oxidation 
and a polymerization peak at 0.5 and 1.11 V, respectively (Fig. 3.15). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.15 CV curve for C10PhP and C12PhP 
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3.11 Summary 
 
The most challenging task of synthesis was successfully accomplished. The first part of 
the research was focused on the synthesis of different classes of adhesion promoters. 
These derivatives were based on monoheterocyclic derivative of 3-substituted pyrrole and 
a tricyclic derivative of 2,5-dithienylpyrrole. The synthesized monomers were 
bifunctional with a specified and defined task for each group. Pyrrole based monomers, 
3-phenyl N-alkyl pyrrolyl phosphonic acids referred to, as C10PhP and C12PhP were 
prepared in good yields and characterized by 1H-NMR, FT-IR, Elemental Analysis to 
confirm the identity of the derivatives.  
The monomers based on 2,5-dithienylpyrrole were synthesized with different anchoring 
groups namely, -Si(OMe)3 and-PO3H2 and spacer groups (n= 4, 6, 10, 12, benzyl). 
SNSnP for [(2,5-dithiophen-2-yl-pyrrol-1-yl)-dodecyl]-phosphonic acid, SNSnTMS for 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane and ArP for 4-(2,5-di-
thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid was used as acronym for 
further references.  
A four-step procedure was adopted for synthesis with good yields in every step. The long 
chain derivatives  (n= 10, 12 for SNSnP and n= 11 for SNSnTMS) were always easy to 
synthesize and more stable than the short alkyl spacer length. The derivatives are 
sensitive to oxygen and high temperature and therefore, they need to be stored under inert 
atmosphere at low temperatures (0-4°C). Routine analytical tools were used to 
characterize the derivatives. 
The estimation of oxidation potential of these derivatives was obtained by cyclic 
voltammetry. They have low Epa between 0.45 to 0.6 V vs Ag/AgNO3. 
The optical properties of the monomers in solution were studied by UV-Vis 
spectroscopy. For SNSnTMS λmax increases with the increasing chain length, which can 
be explained in terms of hindrance to planarity with increasing size of the substituent. 
Synthesis was followed by adsorption on metal/metal oxide substrates. The next chapter 
will focus on the characterization of the modified surfaces using various analytical tools. 
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CHAPTER 4 
Characterization of SAMs on Metal/ Metal Oxide Surfaces 
4.1 Introduction 
Surface preparation has become very important in a variety of industrial applications. The 
investigation of such thin layer of the order of 2-3 nm is a difficult task and demands the 
use of specialized analytical techniques. Modified substrates were analysed using 
macroscopic and nanoscopic tools.  
Contact angle measurement and microdroplet analysis are among the macroscopic tools 
that give the first indication on a milli-micrometer scale. The first estimation of the 
surface wettability after surface treatment can be drawn from contact angle measurements 
(CA). Microdroplet density measurement (µdd) is a very simple and fast technique to 
assess the quality and homogeneity of a surface. The two techniques can be together 
interpreted to obtain the overall idea varying from surface roughness to surface tension. 
We are dealing with molecules and their respective SAM of the size of few nanometers. 
Therefore, we need very sensitive tools. Surface Plasmon Resonance (SPR) spectroscopy, 
Grazing incident FTIR spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Scanning 
electron microscopy (SEM) and Atomic Force Microscopy (AFM) are some of the used 
techniques, which help to investigate these one molecule thick layers.  
SPR was used for studying the degree of interaction of the adsorbate and the kinetics of 
adsorption. Grazing incident FTIR spectroscopy is used to learn about molecular 
orientation, packing behaviour and coverage. We used XPS to study surface composition, 
monolayer structure and binding states, and surface imaging techniques like SEM and 
AFM to learn about the surface topography.  
We aim to characterise the special bifunctional derivatives based on R1-(CH2)n-R2 (R1= 
pyrrole or 2,5-dithienylpyrrole; R2 = -PO3H2, -Si(OMe)3; n= 4, 6, 10, 12).  Motivated by 
the fact that such molecules can form SAM onto metal/metal oxide surfaces, we initiated 
the study of such derivatives. We propose to use the SAM of this new class of 
compounds to improve the grafting of polymer film on the metal/metal oxide surface.  
The prerequisite of successful adhesive grafting of a polymer layer on the metal surface is 
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the correct orientation of the self-assembling molecules after adsorption. Various 
analytical tools of a high surface sensitivity and specificity were used to characterize the 
modified surface and adsorption. 
4.2 Lists and Specification of Analytical Tools Used 
Table 4.1 lists the various analytical used for the characterisation of the self-assembled 
layer on oxide substrates. 
Table 4.1 Lists of analytical methods 
Technique Instrument 
Contact Angle Measurement • DSA KRÜSS INSTRUMENTS, DSA 10 as 
well as K12 
• Using water as solvent for all measurements 
• Tangent Method 1 for calculation of contact 
angle 
Microdroplet Density (µdd) 
Analysis 
• Home-made instrument. 
• Imaging by a CCD camera (JVC TK-C1380E) 
coupled to a microscope (Olympus B x 40) 
with 100 times magnification.  
• The quantification of the µdd was performed 
using Analysis Soft Imaging System. 
Grazing Angle Incidence 
Spectroscopy 
• UNICAM RS 1000 FTIR 
• MTC-detector and FT-80 unit from Spectra 
Tech Inc.  
• All spectra consist of 500-1000 scans at 4 cm-1 
resolutions and were rationed to metal plates. 
Surface Plasmon Resonance 
Spectroscopy 
• Kretschmann type optical arrangement.  
• A p-polarized monochromatic (λ = 632.8 nm) 
light beam from a He–Ne laser source for the 
excitation of surface plasmons. 
X-Ray Photoelectron 
Spectroscopy 
• Physical Electronics PHI 5700 ESCA System 
• A non-monochromatic Mg Kα X-ray source 
operating at 300 W with affiliated PHI 
software. 
• Spectra were acquired at a base pressure of 
      10-10 mbar. 
UV-Vis Spectroscopy • Perkin Elmer (Lambda 35) 
• Spectra were recorded at a rate of 240 
nm/minute 
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4.3 Pre-treatment of the Metal Surface 
The surface of the substrate plays an active role in adsorption process. A proper surface is 
therefore critical if monolayers having well-defined properties are to be produced. Good, 
defect-free monolayers are formed on very smooth and hydrophilic surfaces. Also, the 
choice and nature of the metal substrate is significant in studying the surface-adsorbate 
interaction. The following metal substrates are prepared by chemical vapour deposition 
on Si wafers♣.  
¾ Ti metal substrate (Ti/TiO2)→ n-doped Si-wafer/300 nm Ti 
¾ Ta metal substrate (Ta/Ta2O5)→ n-doped Si-wafer/300 nm Ta 
¾ Al metal substrate (Al/Al2O3)→ n-doped Si-wafer/300 nm Al 
¾ Si metal substrate (Si/SiO2) 
¾ Al/AlMg1 (1% magnesium) → Supplied by Chemetall 
¾ Indium Tin Oxide (ITO) → ITO layer on polished glass (ITO coating ≤ 10 Ω/ cm2; 
obtained from Präzisions Glass Optik GmbH). 
¾ LaSFN9 (n20D= 1.8449)/ 45 nm Au/ 2.5 nm Al2O3∗→
                                                
 LaSFN9 glass with high 
refractive index is first cleaned for 10 minutes in ethanol in ultrasonic bath. Gold 
(Degussa Feingold) and aluminium (Chempur, 99.999%) were deposited in the 
vaporization plant of Malz & Schimdt, Modell B30.3-T in Institute of Physical 
Chemistry and Electrochemistry, TU Dresden.  
The metal/metal oxide surfaces were pre-treated prior to surface modification. This is 
mandatory for removal of the physisorbed organic contaminants (oil, grease, soil and 
other contaminants) and activation of the surface. This contamination hinders the 
chemisorption of the adhesion promoter on the surface. Specific surface treatments are 
needed for metal/metal oxide substrate. Some of the used methods for specific metal 
substrates are tabulated in Table 4.2. 
 
 
 
♣ In Institute of Semiconductors and Microsystems (IHM) 
∗  Prepared by Mr. Gernot Busch 
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Table 4.2 Methods of pre-treatment of metal/metal oxide surface prior to modification. 
 
Metal 
Substrate Cleaning Methods Remark 
Ti/TiO2, 
Ta/Ta2O5, 
Al/Al2O3, 
Si/SiO2 
Rinsing with copious amount of acetone and 
drying under argon before adsorption. 
 
Not a very effective 
method for removal of 
grease, oil etc. 
Ti/TiO2, 
Ta/Ta2O5, 
Al/Al2O3, 
Si/SiO2 
Ultrasonical cleaning 
 
9 Chloroform → 10 minutes. 
9 Acetone → 10 minutes. 
9 Ethanol → 10 minutes. 
9 Drying under argon. 
Removes oil and 
grease. 
Ti/TiO2, 
Ta/Ta2O5,  
ITO 
Etching using RCA1 solution 
 
9 1 (H2O): 1 (25% NH3): 5 (30% H2O2) at 
80°C→ 5-15 seconds or 30 min (for 
ITO). 
9 Washing with water. 
9 Drying under argon. 
Activates the surface 
by creating clean 
oxide layer on the 
surface. 
Si/SiO2 Etching using RCA2 solution 
 
9 1 (H2O2): 3 (H2SO4) at 80°C→ 30 
minutes. 
9 Washing with water. 
9 Drying under argon. 
Activates the surface 
by creating clean 
oxide layer on the 
surface. 
 
 
Al/AlMg1 
(1% Mg) 
Cleaning with Bonder solution 
 
9 Alkaline Soln (Bonder ® V338M 
(10g/l)) at 50°C → 20 seconds. 
9 Washing with water. 
9 Acid solution (H2SO4 (5g/l), 
Al2(SO4)3.18H2O (11.7g/l), HF (3.4g/l) 
at 50°C → 30 seconds. 
9 Washing with water. 
9 Immerse in the adsorbate solution 
withour drying.  
Activates the surface 
by creating clean 
oxide layer on the 
surface. 
LaSFN9 
glass 
Ultrasonical cleaning 
 
9 Ethanol → 30 minutes. 
9 Acetone→ 30 minutes. 
9 Drying under argon.  
Removes oil and 
grease. 
LaSFN9/ 50 
nm Au/ 2.5 
nm Al2O3 
Cleaning with a stream of nitrogen prior to 
measurment 
Removes physisorbed 
contaminants. 
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4.4 Procedure for Adsorption 
The pre-treated dried metal substrates were immersed in the respective solutions, SNSnP 
and SNSnTMS of a particular concentration for different time intervals (5 min, 1h, and 
24 h). This was followed by rinsing with ethanol (in case of SNSnP) or chloroform (for 
SNSnTMS) and drying under argon atmosphere. Concentration, adsorption time and 
solvent (ethanol, bicyclohexyl, toluene, THF and acetone) were varied to see the effect 
and optimise the conditions for adsorption experiments. 
The modified substrates were then characterised by various surface analytical techniques 
like contact angle measurement, XPS, AFM and SPR to study its presence, order, 
orientation on the surface. 
 
4.5 Contact Angle Measurements 
The samples were prepared according to the protocol given in Table 4.2. The synthesised 
compounds were studied for their adsorption behaviour on the reactive metal surfaces. 
The first indication of adsorption taking place can be obtained from the wetting 
behaviour.  This is due to the fact that the shapes of a liquid drop on a plane; 
homogeneous surface is affected by the free energy of this surface. Contact angle 
measurements give the first clue about the bulk surface properties on a macroscopic 
scale. Before discussing the results of contact angle, it is important to know what it is and 
how it can be interpreted. 
4.5.1 Basics of Contact Angle 
Contact angle, θ, is a quantitative measure of the wetting of a solid by a liquid (mostly 
water). It is defined geometrically as the angle formed by a liquid at the three-phase 
boundary where a liquid, gas and solid intersect as shown in Scheme. 4.1. 
Contact angle can also be considered in terms of the thermodynamics of the materials 
involved. This analysis involves the interfacial free energies between the three phases and 
is given by Young’s equation [251-253] (Scheme 4.1) 
                    
 
Equation 4.1 γ LV cos θ = γ SV - γ SL 
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Where γLV, γSV and γSL refer to the interfacial energies of the liquid/vapour, solid/vapour 
and solid/liquid interfaces. 
 
 
 
 
 
Scheme 4.1 Contact angle formation on a solid surface according to YOUNG. (γSV = 
surface interfacial tension between solid - vapor interface; γLV = surface interfacial tension 
between liquid-vapor interface; γSL = surface interfacial tension between solid-liquid 
interface; θ = contact angle) 
γLV γLV 
γSL γSV γSL γSV θ θ 
θ < 90° Hydrophillic θ > 90° Hydrophobic 
It can be seen from this figure that low values of θ indicate that the liquid spreads, or 
wets well, while high values indicate poor wetting. If the angle θ is less than 90° the 
liquid is said to wet the solid. If it is greater than 90° it is said to be non-wetting. A zero 
contact angle represents complete wetting.  
The contact angle is not a property of the liquid or the substrate but the interaction 
between them. The angle of a drop on a solid surface is the result of the balance between 
the cohesive forces in the liquid and the adhesive forces between the solid and the liquid. 
Direct determination of the surface energy of the solid surface is difficult. Contact angle 
measurements by a single liquid provide the indirect qualitative method for examination 
of surfaces.  
The principle of this measurement is very simple but the interpretation is complex. We 
have used both the static and dynamic contact angle for the determination of the surface 
properties.  Sessile drop method and the Wilhelmy Method were used for investigation. 
Different substrates (Ti/TiO2, Ta/Ta2O5, Al/Al2O3, Si/ SiO2, AlMg1) were studied for 
adsorption of these bifunctional derivatives. 
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(a) The Sessile Drop Method 
For the measurement of static contact angle we apply a droplet of a liquid with the 
microliter syringe on a flat substrate. A range of contact angles may be formed for a 
given solid-liquid interaction. The contact angle reading, which is determined when the 
droplet placed on a solid surface would reach an “equilibrium” condition, where no 
further spreading of the droplet occurs is the 'static' contact angle. The outline of the 
droplet is studied through the magnifier and the camera reveals the profile of the droplet 
on the computer screen.  There are different evaluation methods for the determination of 
the contact angle. They are based on the drop profile in the region of the three phase 
contact point to the solid surface.  Among the various methods available in the Drop 
Shape Analysis, DSA program- Tangent Method 1, Tangent Method 2, Height-Width 
Method and Young-Laplace Method, we have used Tangent Method 1 for our 
investigations. In this method, the profile of the sessile drop is fitted to the general 
equation. Software calculates the tangent to the droplet shape and gives the contact angle 
value.  
We can also use the sessile drop method for the dynamic contact angle. It describes the 
happenings at the liquid-solid boundary during the wetting and dewetting process. This 
gives advancing and receding contact angles. The principle is the same. To measure the 
advancing contact angle the drop is slowly enlarged by adding more liquid, and for 
receding contact angle the liquid is drawn back into the syringe through the needle 
(Scheme 4.2). The syringe remains in the drop during the whole of the measurement.   
 
 
 
 
 
 88
 Chapter 4                     Characterization of SAMs on Metal/ Metal Oxide Surfaces 
 
 
 
 
 
 
 
(b) (a) Needle 
θ
θ
Needle 
 
Scheme 4.2   (a) Advancing and (b) receding contact angle using Sessile Drop Method 
  
b). Wilhemy Plate Method 
We can determine both the static and dynamic contact angle with the help of Wilhelmy 
method.  
 
 
 
 
 
 
 
Scheme 4.3 Schematic of dynamic contact angle measurement by The Wilhemy Plate 
method 
 
Force, F 
θa θr
Contact 
angle θPlate 
Liquid 
L 
d 
 
The substrate plate (AlMg1) is held by the electro balance, and certain height of the plate 
is dipped or pulled from the measuring liquid (mostly water). The weight of the sample 
alternates depending on direction of the movement. The force changes obtained are 
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directly proportional to the contact angle. The contact angle and therefore the wettability 
of a solid can be determined from the known surface tension σ . 
       
 
Equation 4.2 σ = F/2(L+D) 
The contact angle is the angle formed by the tangent to the point of contact at the 
solid/liquid interfaces. As the solid sample penetrates the surface and dips into the liquid 
advancing contact angle (θa) is determined and the pull of the sample from the substance 
provides receding contact angle (θr) information. The recording of force against distance 
results in a hysteresis force curve (Scheme 4.4). The Fr and Fa values determined are used 
to calculate the advancing (θa) and receding (θr) contact angle. The contact angle is 
calculated from the force versus depth information. 
 
 
Equation 4.3 Cos (θr,a) = Fr,a/2(L+D). σ 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.4 Hysteresis curve obtained during measurement of advancing and receding 
contact angle by Wilhelmy Plate method 
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In general the advancing and receding angle of the surface are different. This difference 
between the advancing and receding contact angle values is called the contact angle 
hysteresis. It has been used to help characterize surface heterogeneity, roughness and 
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mobility. Briefly, for surfaces, which are not homogeneous, there will exist domains on 
the surface that present barriers to the motion of the contact line. For the case of chemical 
heterogeneity these domains represent areas with different contact angles than the 
surrounding surface. For example when wetting with water, hydrophobic domains will 
pin the motion of the contact line as the liquid advances thus increasing the contact 
angles. When the water recedes the hydrophilic domains will hold back the draining 
motion of the contact line thus decreasing the contact angle. From this analysis it can be 
seen that, when testing with water, advancing angles will be sensitive to the hydrophobic 
domains and receding angles will characterize the hydrophilic domains on the surface. 
Based on these principles we measured and analyzed the results of the contact angle 
measurements. 
 
4.5.2 Contact Angle for [(3-Phenyl)-pyrrol-1-yl]-alkyl phosphonic Acid 
 
 The bifunctional molecule under investigation has two possibilities of alignment on the 
surface. The most expected orientation is with the phosphonic acid group reacting with 
the surface hydroxyl groups of the metal substrate and the terminal pyrrolyl group present 
on top. This would cause a more hydrophobic surface (contact angles are high) whereas 
in the opposite case the surface should be more hydrophilic. The increase in contact angle 
(~18-25°) after adsorption indicates the change in the wetting properties of the surfaces 
as compared to the unadsorbed metal surfaces (Fig. 4.1). Contact angle for the longer 
chain derivative, C12PhP is little higher than C10PhP. This may be due to the better 
packing because of the Van der Waals interaction between the alkyl chains. 
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Fig. 4.1 Contact angle measurement on various metal/metal oxide surfaces using 1mM 
solution of C10PhP and C12PhP 
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The stability of the adsorbed layers was investigated by determination of advancing and 
receding contact angle by repeated cycling (8 cycles) using Wilhelmy Method. Special 
AlMg1 substrates were used for this method after pre-treatment (Table 4.1). 
We can see from Fig. 4.2 that the modified surface is very stable. The difference between 
the contact angles in 1st and 8th cycle is only few degrees. Large hysteresis (θa-θr, ~ 40°) 
is understandable due to high roughness of the surface. Physical heterogeneity explains 
the hysteresis in this case. 
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Fig. 4.2 Advancing and receding contact angle using Wilhelmy Method for investigating 
the stability of the adsorbed monolayer (C12PhP) 
 
4.5.3 Contact Angle for 2,5-Dithienylpyrrole Derivatives 
4.5.3.1  [(2,5-Dithiophen-2-yl-pyrrol-1-yl)-alkyl]-phosphonic Acids 
Another set of derivatives with phosphonic acid as the anchoring group was also studied 
for adsorption and successful use as adhesion promoter. 
Clean metal oxide surface (Ti/TiO2 and Al/Al2O3) was subjected to modification with 
compounds of different chain length, n varying as 4, 6, 10 and 12. First look at the static 
contact angles indicates alteration in the surface wettability compared to blank. In case of 
Ti/TiO2 surface we observe an increase in contact angle hysteresis with decreasing chain 
length of the adsorbate. Therefore, we can say that chain length probably influences the 
orientation of these molecules on the surface. Hysteresis also indicates formation of 
domains that present barriers to the motion of the contact line. Low hysteresis in case of 
blank substrates indicates surface homogeneity. A possible cause for disorder and contact 
angle hysteresis in these monolayers is a mismatch of the size of the headgroups and 
polymerisable group or physical roughness, which prevents a dense two-dimensional 
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packing of the molecules thus allowing water to penetrate into the layer. As expected 
long chain derivatives have higher contact angles compared to short chains, Van der 
Waals interaction between the chains hold the molecules together, therefore better 
adsorption (Fig. 4.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3 Contact angle hysteresis on modified Ti/TiO2 using different adsorbate (2 mM 
solution in ethanol; adsorption time 1 h) 
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Similar results were observed on Al/Al2O surfaces after modification (Fig. 4.4). 
 
 
 
 
 
 
 
 
 94
 Chapter 4                     Characterization of SAMs on Metal/ Metal Oxide Surfaces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 Contact angle hysteresis on modified Al/Al2O3 using different adsorbate (1mM 
solution in ethanol; adsorption time 1 h) 
C
on
ta
ct
 a
ng
le
 [°
] 
Adsorbate
100
80
60
40
20
0 ArPSNS4PSNS6PSNS10PSNS12PBlank
 Αdvancing contact angle, θa
 Receding contact angle, θr
 Hysteresis, (θa- θr) 
 
Dynamic contact angle were measured using Wilhelmy method on pre-activated AlMg1 
substrates (aluminium with 1% magnesium). The results also indicate successful 
adsorption (Fig 4.5).  
Repeated immersing and withdrawing of 5.0 mm of the modified sample in water 
determined the stability of the adsorbed layers. Advancing and receding contact angle 
was measured during immersion and withdrawal respectively. Eight to ten cycles were 
performed for each adsorbate to examine the stability of the adsorbed layer. Three 
samples were prepared for every measurement to make sure that the results are coherent. 
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Fig. 4.5 Wilhelmy method for examining the stability of the adsorbed layer, SNS12P 
(10 cycles) 
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The force vs. position curve (Fig 4.5) shows good surface homogeneity on the macro 
scale. Force is a measure of alteration in surface properties and with different immersing 
depths the curve (Fig. 4.5) remained smooth with no large humps. This indicates the good 
stability of the adsorbed layer after repeated cycling. There is very minor decrease in the 
advancing and receding contact angles from 1st to 10th cycle. This is true only for long 
chain derivative as expected, due to strong intermolecular forces between the alkyl 
chains, which keep the adsorbed layer intact. For short chain derivative the adsorbed 
layer is taken off the surface after 4 cycles (Fig. 4.6), θa  approaches θr. The big hysteresis 
in Fig. 4.6 can be attributed to the physical heterogeneity due to very rough AlMg1 
substrate.  
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Fig. 4.6 Advancing and receding contact angle after every cycle using Wilhelmy method for 
(a) SNS10P and (b) SNS4P derivatives (2 mM in ethanol) adsorbed on pre-treated AlMg1 for 
1h 
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4.5.3.2 [(2,5-Dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane 
Solvent, concentration and time optimization was done using contact angle measurements 
for [(2,5-Dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane, SNSnTMS. 
The clean substrates were then immersed in an unstirred solution of the trimethoxysilane 
derivative of 2,5-dithienylpyrrole (0.5% v/v) for 48 h. The wafers were then removed 
from the solution, rinsed with chloroform. Many a times the cloudy film deposited on the 
surface, presumably due to the formation of gel of polymeric siloxane was removed by 
treating in ultrasonic bath in chloroform for 3-5 minutes. The contact angle values for 
modified surfaces are significantly different from the metal/metal oxide surfaces 
indicating that SAM formation was successful. All modified substrates exhibit contact 
angle hysteresis (advancing contact angle, θa – receding contact angle, θr), which has 
been ascribed to a variety of causes including disorder, surface roughness and 
heterogeneity. Among the various solvents usually taken for trimethoxysilane derivatives, 
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toluene and bicyclohexyl proved to be good solvents on adsorption for Ti/TiO2 and 
Si/SiO2 respectively (Fig. 4.7 and Fig. 4.8). Recently hysteresis was modelled 
thermodynamically as an adsorption/desorption process without the need to specify a 
mechanism for the hysteresis. It has been proposed that hysteresis on macroscopically 
smooth surfaces is lowest when the surfaces are either crystalline and rigid, or fluid-like 
and disordered, whereas rigid amorphous surfaces give rise to a large hysteresis. The 
reason that has been advanced for this observation is that a rigid crystalline surface 
cannot be penetrated or rearranged by contact with the probe fluid thus the dewetting 
process is simply the reverse of wetting. A highly mobile surface can rapidly reach 
equilibrium with the probe fluid as it wets or dewets so although the fluid may penetrate 
or rearrange the surface this is a reversible process on the time scale of the experiment 
and thus there is little hysteresis. In contrast a rigid disordered layer cannot rapidly reach 
equilibrium with the probe fluid thus rendering the wetting process irreversible and 
leading to hysteresis. 
Adsorption of the trimethoxy derivative was studied on Ti/TiO2 and Si/SiO2 substrates. 
Among the various solvents used for adsorption, high contact angle within experimental 
error was observed with toluene. The hysteresis was low in case of ethanol compared to 
other solvents in use but high contact angle of 103° (Ti/TiO2) allows the use of toluene 
for further characterisation of this derivative (Fig. 4.7). Similar observation on Si/SiO2 led 
us to use toluene as the suitable choice of solvent (Fig. 4.8). Besides solvent there are 
other factors (concentration and time) governing adsorption and orientation of the 
adsorbed layers. Hence, there effect was also studied using contact angle, the most easily 
available and fast tool to study the change in surface properties.  
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Fig. 4.7 Contact angle hysteresis on Ti/TiO2 using different solvents for adsorption of 
SNS6TMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8 Contact angle hysteresis on modified Si/SiO2 using different solvents for 
adsorption of SNS11TMS 
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Fig. 4.9 Effect of concentration and time on adsorption of (a) SNS11TMS and (b) 
SNS6TMS on Si/SiO2 substrates 
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Two different derivatives with change length 11 and 6 were studied for optimization of 
conditions for adsorption to get a well-oriented and aligned monolayer. For both long and 
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short chain derivatives we observe that concentration and time have a considerable 
influence on adsorption. Adsorption is dynamic process and orientation of bifunctional 
moieties needs time, which may vary from minutes to hours. For trimethoxy derivatives it 
is known that long adsorption times are required, so the time frame was chosen 
accordingly. We observed a drastic increase in contact angle from 12 to 48 h.  For all 
further investigations 48 h is taken was considered as the reference time for adsorption. 
0.5% (v/v) and 0.625% (v/v) is taken as optimal concentration for SNS11TMS and 
SNS6TMS, respectively (Fig. 4.9) 
However, the contact angle measurement is a macroscopic method of determining the 
hydrophobic/hydrophilic characteristics of the surface. It gives only an indication of the 
change in surface property after treatment with the SA molecule. The formation of a 
SAM is a dynamic process and takes time for the layers to pack and orient themselves in 
a regular way. There are several possibilities in which the SA molecule can be present on 
the surface (Scheme 4.5). Therefore, to obtain information about the orientation of the 
molecules, microscopic tools were used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.5 Schematic Representation of mixed monolayers (a) completely random, (b) 
slightly ordered, (c) multilayer and (d) ideal monolayer 
(c) (d) 
(b) (a) 
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4.6 Microdroplet Analysis 
Surface homogeneity was determined by means of microdroplet density, µdd, 
measurements. Condensation figures (CFs) enable the imaging of surfaces, delineating 
regions with different wettabilities (different interfacial free energy). The use of CFs as a 
method for detecting contamination on homogeneous surfaces was first described by 
Lord Rayleigh [254]. Water droplets condenses more readily on contaminated, polar, 
[255-256] or angular (rough) regions with a high wettability [257], compared to clean, 
apolar, and flat surfaces showing reduced wettability. If a surface is inhomogeneous in its 
physicochemical properties, the droplet patterns reflect its heterogeneity. 
On hydrophobic surface, once water has started to condense, one sees the condensed 
droplets continuing to grow rather than new droplets nucleating at the surface. Therefore, 
the number of droplets per unit area remains constant for typically 1 min, after which 
coalescence of droplets starts to occur. It is more difficult to measure µdds on hydrophilic 
surfaces, because condensed droplets tend to coalesce in the course of the condensation 
experiment. 
4.6.1 Principle of Microdroplet Density Measurement 
 
When the surface is brought to a temperature below the dew point, the air from the humid 
atmosphere condenses on the surface. Dew point temperature is a measure of humidity. It 
can be taken as the temperature at which water would condense from the air, if the air 
mass were cooled.  
The dew point is dependent on the relative humidity and the air temperature. The 
variation of these factors will influence the dew point on th active surface area of 
measurement. Relative humidity gives the ratio of how much moisture the air is holding 
to how much moisture it could hold at a given temperature. This can be expressed in 
terms of vapor pressure and saturation vapor pressure:  
                    Equation 4.4 RH = 100% x (E/Es) 
where, according to an approximation of the Clausius-Clapeyron equation:  
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          Equation 4.5 E = E0 x exp [(L/Rv) x {(1/T0) - (1/Td)}]  
and  
                     Equation 4.6 Es = E0 x exp [(L/Rv) x {(1/T0) - (1/T)}] 
where E0 = 0.611 kPa, (L/Rv) = 5423 K (in Kelvin, over a flat surface of water), T0 = 273 
K (Kelvin) ,and T is temperature (in Kelvin), and Td is dew point temperature (also in 
Kelvin). 
We use this method for studying flat aluminum oxide surfaces; modified by self-
assembled molecules based on SNSnP. Surface modification was performed on 
aluminum oxide film deposited by physical vapor deposition on glass. The substrates 
were immersed in 1 mM solution of SNSnP derivatives for 1 h and 24 h for adsorption. 
The substrates were the taken out and rinsed with ethanol to remove any physisorbed 
molecules, followed by drying by blowing nitrogen.The µdd apparatus (Scheme 4.6) 
consists of a measuring cell of polyoxymethylene. The test liquid is water (from the air). 
Condensation is initiated by cooling of the sample surface by the Peltier Element. The 
humidity of the air reacts to this temperature change of the surface and drops of water 
condense on the surface. Depending on the coverage of the SA molecule, different stages 
of growth of droplets and coalescence are observed. The drops appear at places with 
structural inhomogeneities. If the surface has a structure then this structure becomes 
visible by the formation of small drops at the surface. The set-up is very easy and the 
experiment is fast. The drops are growing with time and fuse into larger drops. 
The images were used to estimate the quality of these surfaces in terms of large scale and 
local surface properties, as well as their homogeneity/heterogeneity, by quantitatively 
evaluating the microdroplet density (µdd, droplets per unit surface area). 
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Scheme 4.6 Schematic drawing of the microdroplet density apparatus 
 
4.6.2 Microdroplet Density Measurement as a Function of Length of the SA 
Molecule and Self-Assembling Time 
 
The modified substrates as discussed in Section 4.4 were subjected to investigation by 
microdroplet density measurement.  
Comparing the alkyl phosphonic acid, C20 and the SNSnP derivatives, we observed that 
the bulky head group, 2,-5-dithienlypyrrole, hinders the close compact packing of the 
molecules on the surface, leading to more inhomogeneously covered surfaces. No 
pronounced effect in the packing is noticed with increasing chain length of the 
derivatives from 4 to12 and also with a benzyl group. The size of the droplets in case of 
C20 grows gradually compared to SNS10P and ArP (Fig. 4.10). This can be explained in 
terms coalescence of droplets at points of inhomogeneity. A more inhomogeneous 
surface leads to the growing of bigger droplets. Therefore, it can be concluded that 
increasing spacer length in case of SNSnP derivatives does not influence the ordering on 
the surface because the terminal group is too bulky. 
Besides the bulky head group, the kind of spacer also effects the droplet formation.  
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Fig. 4.10 Comparison of size of the droplets after 1h adsorption of SNSnP derivatives 
and C20 on Al/Al2O3 (Advancing contact angle, θa) 
 
We can also see that the coalescence in case of the derivative with a benzyl group, ArP 
starts later as compared to the one with alkyl spacer length, SNS10P. This can be 
explained in terms of additional π-interaction between the aromatic substitutent, along 
with the weak Van der Waals forces, which keeps the adsorbed layers more intact. 
Comparison of the µdd and contact angle behavior of the two sets of self-assembled 
monolayer samples, SNS10P and ArP shows that the two methods yield complementary 
information, µdd being chiefly indicative of surface heterogeneity rather than wettability 
(hydrophobicity or hydrophilicity). The number of droplets in case of SNS10P is more 
than ArP, although the later has a lower contact angle (Fig. 4.10).  
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Textor et al. have shown that the microdroplet density value does not primarily depend 
on the wettability or water contact angle of a surface but on the concentration of 
condensation nucleation sites, believed to be induced by features such as surface 
roughness, molecular defects, and/or disorder in surfaces and adlayers [258-259].  
Table 4.3 Microdroplet density images of SNS10P, ArP and C20 SAMs on Al/Al2O3 
surface. 
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4.7 Surface Plasmon Resonance Spectroscopy (SPR) 
 
Surface Plasmon Resonance spectroscopy is a surface sensitive, optical method for 
characterization of thin layers on surfaces. 
It is based on the principle of Attenuated Total Internal Reflection. (ATIR). The Principle 
of TIR is illustrated in Scheme 4.7. It occurs at the interface between materials with 
different refractive indices, n1 and n2. TIR takes place when (a) the incident light is in 
the more dense medium and approaching the less dense medium (n2 (glass) > n1 (air)), 
and  (b) the angle of incidence is greater than the critical angle θ.  
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Scheme 4.7 Phenomenon of Total Internal Reflection (TIR) 
 
A surface plasmon is a charge density wave occurring at the interface between a metal 
and the dielectric. A surface can be excited by light as demonstrated in Scheme 4.8. SPR 
occurs when a thin conducting film (Au or Ag) is paced at the interface between the two 
optical media. At specific incident angle, greater than the TIR angle, the surface 
plasmons (oscillating electrons at the edge of the metal) in the conducting film resonantly 
couple with the incident light because their frequencies match. The photon energy is 
transferred to the charge density wave. This phenomenon can be observed as a sharp dip 
in the reflected intensity. Outside the metal there exists an evanescent electric field, a 
field that decays exponentially with distance from the metal with the decay of the order 
of 0.2 to 0.3 of the wavelength of light.  This evanescent field interacts with the close 
vicinity of the metal. Changes in the optical properties of this region, therefore influence 
the SPR angle, which is the basis of the use of SPR for characterization of such thin 
films. 
ident  l ight
reflected light
air (n )1
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Scheme 4.8 shows the experimental set-up. The substrate, LaFSN9/ 45 nm Au/ 2.5 nm 
Al2O3 was placed on a specially designed poly (tetrafluoroethylene) (PTFE) gas cell in a 
leak-proof environment using a rubber O-ring system. An index matching liquid was 
used to make optical contact between the uncoated side of the glass substrate and the 
prism (of refractive index np = 1.8). The whole assembly was then mounted on a θ–2θ 
rotation platform for the excitation of surface plasmons by a p-polarized monochromatic 
(λ = 632.8 nm) light beam from a He–Ne laser source in a Kretschmann type optical 
arrangement [260]. A parallel-polarized laser beam is coupled to the system from the 
prism side, and the reflected beam is monitored by a photodiode detector (Scheme 4.8). 
The angle of incidence is varied in order to adjust the wavelength of the evanescent field 
within the prism to the plasmon wavelength. The surface plasmon wave at the 
metal/dielectric interface is excited if the wavevector of the coupled beam matches that of 
the surface plasmon wave. Under the ATR condition, evanescent fields are generated at 
the prism/metal and metal/dielectric interfaces. The evanescent fields are strongest at the 
interfaces and exponentially decay as a function of the distance from the interface into the 
metal film and into the dielectric medium, respectively. When the surface plasmon wave 
is excited, a substantial decrease in reflectance is observed at the surface plasmon 
resonance angle, θSPR, Fig.4.11.  
 
 
 
 
 
 
 
 
 
Scheme 4.8 Schematic drawing of the experimental set-up used in our experiments (the 
light source was a He- Ne laser (632.8 nm) and the detector is a photodiode 
evanescent
 Field
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The synthesized derivatives have phoshonic acid and trimethoxysilane as the anchoring 
groups. Phosphonic acids are known to adsorb very well on metal/metal oxide surfaces 
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through acid-base interactions [47], therefore, a thin layer of Al2O3 (~2.5 nm) on gold 
was used to study the adsorption kinetics. 
A SPR curve for the three-layer (LaSFN9-glass/ 50 nm gold/ 2.5 nm Al2O3) system 
against air, pure solvent and after adsorption is shown in Fig. 4.11 for comparison. SPR 
curves were obtained from the least square fit of Fresnel’s equations [261] to 
experimental data.  
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Fig. 4.11 Conventional angle scan SPR curve against air, solvent and after adsorption. θ 
SPR is dependent on the surface properties (refractive index). It shifts with change in 
surface environment 
 
 
To check the layer parameters of the substrate we begin the angle-scan measurement 
against air between 18°-36°. θSPR for this special substrate with 2.5 nm Al2O3 layer on 
gold is around 25-26°. This is followed by the angle scan against the solvent used for a 
adsorption experiments in the range 47-65° (Fig. 4.11). It is to be clearly recognized that 
an exchange of the medium, air  (n20D= 1.0) to ethanol (n20D= 1.361) causes shift of the 
minimum to higher angles by ~ 35°. 
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For kinetic measurements, the angle of incidence was fixed at a slightly smaller value 
than the one at which the SPR occurs. The reflection intensity at this angle was measured 
as a function of time, when the sample was exposed to the adsorbate solution for different 
time intervals and was then rinsed with the pure solvent to remove any physisorbed 
species. The kinetic measurement was followed by an angle scan to determine the shift in 
the resonance angle. This shift is directly proportional to the change in the refractive 
index of the layer. 
Fig. 4.12 shows the kinetics of adsorption, which can be speculated in terms of self-
assembling process. This dynamic process is a balance between adsorption-desorption 
and ordering of the adhesion promoting molecules on the metal surface. We assume that 
the process reaches the equilibrium after certain time interval and the SA molecules are 
oriented in a well-defined manner suitable for further characterizations and application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12 Kinetics of adsorption of surfactant 
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Fig. 4.13 and 4.14 show typical SPR result for four layer (LaSFN9-glass/ 50 nm gold/ 2.5 
nm Al2O3/ 1 mmol solution of adsorbate in ethanol) systems in terms of the variation of 
the reflected intensity as a function of the incident angle θ. The SPR curve for the pure 
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solvent and that after adsorption and washing with ethanol is included for comparison. It 
can be seen that there is a resonance shift ∆θa of about 0.45 °. ∆ θ generally depends on 
the thickness d and complex dielectric constant ε of the adsorbed monolayer through an 
expression [262]: 
 
         
          Equation 4.7 
 
(2π/λ) (|εm| εa) 3/2 d 
 
np cos θ (|εm| − εa)2 ε 
∆ θ = . (ε − εa) 
 
Where |εm| is the modulus of the real part of the dielectric constant of the gold film and εa 
is the dielectric constant of the fourth layer in the system. Equation (4.7) contains two 
unknown parameters d and ε and it is not possible to determine their values uniquely 
from a single measurement of ∆θ.  
The kinetic curve of adsorption almost reaches a plateau after 1 h. From the magnified 
part we can see that adsorption starts very fast in few seconds with the injection of the 
adsorbate solution (Fig. 4.13). The shift in θSPR after the kinetic experiments suggests 
adsorption of the adhesion-promoting molecule. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 111
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 10 20 30 40 50 60
36
38
40
42
44
46
48
50
Injected adsorbate solution
Ethanol
Re
fle
ct
iv
e 
in
te
ns
ity
 [%
]
Time [minutes]
45 50 55 60 65 70
0
10
20
30
40
50
60
70
80
61.3 °60.85 °
 Au against Ethanol
Re
fle
ct
iv
e 
in
te
ns
ity
 [%
]
Angle of incidence [°]
(a)  SNS12P in ethanol at θ =  59.05 °
 Modified Au after the kinetic measurement
(b) 
 
Fig. 4.13 SPR study with SNS12P (a) Kinetic measurement for 1 h (b) Angle scan after 
kinetic study and washing with ethanol.  
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 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
  Au after adsorption kinetic measurement
  ArP in ethanol at θ = 59.07°
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.14 SPR study with ArP (a) Kinetic measurement for 1 h (b) Angle scan after 
kinetic study and washing with ethanol.  
 
Studies with other SNSnP derivatives showed similar results and are included in 
appendix for reference. SPR confirms the modification of the substrate after 1 h. 
Therefore, for all our further studies we will be taking 1 h as the optimum time of 
adsorption. 
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The kinetics of adsorption of the 3-phenyl N-alkyl pyrrolyl phosphonic acids was also 
studied by surface plasmon resonance spectroscopy. Fig 4.15 shows the kinetic curve for 
C12PhP and C10PhP derivative.  
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Fig. 4.15 SPR study with C12PhP (a) Kinetic measurement for 1 h (b) Angle scan after 
kinetic study and washing with ethanol.  
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The magnified part shows the fast adsorption. The fast adsorption starts within a few 
seconds, and then it gradually reaches a plateau. Till 1h there was no significant change 
in the kinetics so the adsorption time was fixed to 1 hour. 
For the SNSnTMs derivatives the reflective intensity continued to increase till one hour, 
as silanes are known to take longer time for adsorption. The SPR kinetic study with silane 
indicate successful adsorption take place on the surface (Fig. 4.16).  
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.16 SPR spectra showing the kinetics of adsorption of SMS11TMS and SNS6TMS 
on LaSFN9/ 45 nm Au/ 2.5 nm Al2O3 substrate 
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The angle scan after 1 h adsorption followed by washing with ethanol showed a shift in 
the angle minimum where SPR was occurring (Fig. 4.17). This is due to the change in the 
surface property (refractive index) after adsorption. 
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Fig. 4.17 Angle scans before and after adsorption (a) SNS11TMS (b) SNS6TMS 
 
 
4.8 Grazing-Angle FTIR Spectroscopy 
Grazing-angle FTIR spectroscopy is a very useful technique that gives information about 
the direction of the transition dipoles. It is used to evaluate the orientation of molecular 
units of thin polymer films and monolayers. IR spectroscopy is also possible on a surface. 
The principle is the same as for IR in bulk, gas or liquids. The functional groups must 
change their net dipole moment on vibration to be infrared active i.e. to be seen by IR 
spectroscopy. This method uses basic optical theories of transmission and reflection at 
the interface between two media and the properties of polarized light. The IR incident 
beam on the surface can be said to have two limiting polarisation states of its electric 
field vector E- the vector parallel to the plane of reflected, s-polarised and perpendicular 
to the pane of reflection, p-polarised.   
The key point for realizing higher sensitivity is that p-polarized light can form a surface 
standing wave if the surface has metallic optical properties and if the larger incident angle  
(≥ 85°) is used. At the grazing angle only the p-polarised component has an enhanced 
electromagnetic field on a metallic surface, while the s-polarised component approaches 
zero (Scheme 4.9). For example, consider the case of phosphonic acid molecule adsorbed 
on a metal surface. Both the symmetric and asymmetric methylene vibrations (νs and νa, 
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respectively of the alkyl chain) are parallel to the metal plane, the symmetric vibration 
and both asymmetric vibrations of the methyl group have components that are 
perpendicular to the surface, therefore, the methylene groups in a perpendicular, all-trans 
alkyl chain will not be picked up by the p-polarized light. Once the alkyl chain tilts from 
the normal to the plane, the symmetric and asymmetric vibrations of the methylene 
groups no longer are parallel to the surface and thus will appear in the grazing incident 
spectra [263].  
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Scheme 4.9 Principle of reflection spectroscopy of a monolayer on a metallic substrate  
The intensity of the methylene vibrations in the spectra is a direct function of the tilt 
angle of the alkyl chain. This unique property of the grazing-incident experiment allows 
the calculation of the molecular orientation from FTIR spectra. 
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4.8.1 Characterization of the Adlayers 
Titanium and aluminium were taken as the substrate for measurement of grazing-angle 
FTIR. The pretreated substrates (according to the protocol in section 4.2) were immersed 
in a 2 mM solution of the respective adhesion promoter for 1h. This was followed by 
rinsing and drying under nitrogen atmosphere. The samples were always prepared prior 
to measurement to minimize any contamination.  
The anchoring of these derivatives on a metal/ metal oxide surface is expected to involve 
both coordination of the phosphoryl oxygen to Lewis acid sites and condensation 
reactions between the surface hydroxyl groups Metal-OH and the P-OH groups 
Accordingly, the possible bonding modes can be mono-, bi-, or tridentate for the 
phosphonate derivatives [46]. 
 
 
 
 
 
 
 
 
 
Scheme 4.10 Schematic representation of the main bonding modes of RPO3H2 on metal 
oxide surface (Me) 
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P
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To confirm the presence and study the orientation of the adsorbed molecules grazing 
angle FT-IR spectroscopy was done. We compared spectra of the bulk and adsorbed 
derivative on aluminium.  Regardless of the type of phosphonic acid derivative molecule 
used, the IR spectra of the modified substrate present close typical features (Fig. 4.18 and 
Fig 4.19). The shifts in the wavenumbers 2900-2700 cm-1 and 1200-1000 cm-1 indicate 
adsorption of the phosphonic acid group on the metal surface. The disappearance of the 
P-OH peak at 2700 cm-1 in the adsorbed sample indicates interaction of the phosphonic 
acid with the surface hydroxyls of the metal surface. The change in the shape of the 
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characteristic bands for P=O (1350-1250 cm-1) and P-O (1050-990 cm-1) vibrations 
proves that the P=O is bound to the surface and free phosphonic acid changes into its salt 
after adsorption. This is clearly visible from the new broad peak centered around 1070 
cm-1 (Fig. 4.19), which has been variously attributed to terminal or bridging, multidentate 
phosphonate-metallic ion interactions [264-265]. The significant decrease of the 
vibrations typical of P-OH, suggests that the condensation of these groups with Al-OH 
surface groups is practically complete (Fig. 4.18 and 4.19).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.18 Grazing-angle FTIR of bulk (KBr pellet) and adsorbed C10PhP on Al/Al2O3 
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In all cases, the disappearance of the P=O stretching band near 1200-1250 cm-1 points to 
the coordination of all of the phosphoryl oxygens to surface Lewis acid sites and to the 
delocalization of the electrons. Thus, regardless of the type of phosphonate coupling 
molecule used, the main bonding mode to the surface should involve tridentate mode 
[46,143,266-267].  In addition, the presence of absorptions at 900-1000 cm-1 (the region 
of P-OH stretching bands) suggests the presence of residual P-OH groups, hence possibly 
a bidentate bnding mode (Scheme 4.10). Depending on the reaction time and the 
phosphonic acid concentration, significant amounts of bonding takes place with metal/ 
metal oxide surface.  The order in self-assembling monolayer can be assessed from the 
position of CH2-stretching.  The frequency of the CH2-stretching is close to 2924 cm-1 
indicating no crystalline packing of alkyl chains; which is obvious due to a bulky phenyl 
group at 3-position (Fig. 4.18). 
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Fig. 4.19 Grazing-angle FTIR spectra for the bulk and adsorbed SNS12P on Al/Al2O3 
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In case of [(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane, SNS11TMS 
adsorption on Al/Al2O3 we observe the presence of symmetric and asymmetric CH2-
stretching vibrations (at 2850 and 2927 cm-1 respectively), revealing the presence of 
methylene groups on the surface. The position of the methylene group after adsorption 
shifts slightly to a lower value than the bulk as can be seen from Fig. 4.20. But it is still 
far from the completely ordered packing of the SAMs, where the frequency of the CH2 
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stretching is close to that of a crystalline alkane (νas ~ 2915-2918 cm-1) [268-270]. Si-O-
C bond at 1090 cm-1 completely disappears, indicating complete hydrolysis of the 
methoxy group in silane. At the same time, presence of bands at 1100 and 1025 cm-1 
suggests the formation of Si-O-Si bonds. This results from the polymeric network 
formation on the oxide surface by interaction with the neighbouring adsorbed species.  
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Fig. 4.20 Grazing-angle FTIR spectra for bulk (KBr pellet) and adsorbed [(2,5-
dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane, SNS11TMS (on Al/Al2O3) 
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Several authors have found evidence to indicate the existence of Al-O-Si bonds on silane 
treated aluminum substrates; the exact characteristics of such covalent bonds remain 
obscure. Boerio et al. maintain that aluminosiloxane bonds will indeed form [271]. 
Naviroj et al. [272] have explained the formation and attributed the band at 963 cm-1 to 
Al-O-Si bond. In Fig. 4.20 the peak marked with star (*) hence could be assigned to the 
aluminosiloxane bond.   
4.9 X-Ray Photoelectron Spectroscopy (XPS)  
Principle- XPS involves irradiation of the sample under vacuum by X-rays of known 
energy, which causes the photo-ejection of the electrons from the inner shell orbitals 
(Scheme 4.11). 
 
 
 
 
 
 
Scheme 4.11 Schematic of X-ray photoelectron Spectroscopy 
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Photoelectron spectroscopy is based upon a single photon in/electron out process 
(Scheme 4.11). The energy of a photon is given by Einstein’s relation:  
                   Equation 4.8   E = h ν 
Where, h - Planck constant (6.62 x 10-34 J s); ν- frequency (Hz) of the radiation.  
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The process of photoionization can be considered in several ways: one-way is to look at 
the overall process as follows:         
                                                                        Equation 4.9 A + hν = A+ + e- 
Conservation of energy then requires that:  
           Equation 4.10 E(A) + hν = E(A+ ) + E(e-) 
Since the electron's energy is present solely as kinetic energy (KE) this can be rearranged 
to give the following expression for the KE of the photoelectron:     
                                                                  Equation 4.11 
KE = hν - ( E(A+ ) - E(A) ) 
The final term in brackets, representing the difference in energy between the ionized and 
neutral atoms, is generally called the binding energy (BE) of the electron - this then leads 
to the following commonly quoted equation:  
                                 Equation 4.12 KE = hν - ( E(A+ ) - E(A) ) 
The BE is now taken to be a direct measure of the energy required to just remove the 
electron concerned from its initial level to the vacuum level and the KE of the 
photoelectron is again given by:  
                      Equation 4.13 KE = hν - BE 
For each and every element, there will be a characteristic binding energy associated with 
each core atomic orbital i.e. each element will give rise to a characteristic set of peaks in 
the photoelectron spectrum at kinetic energies determined by the photon energy and the 
respective binding energies.  
The presence of peaks at particular energies therefore indicates the presence of a specific 
element in the sample under study - furthermore, the intensity of the peaks is related to 
the concentration of the element within the sampled region. The presence of chemical 
bonding (and hence, neighbouring atoms) will cause binding energy shifts, which can be 
used to extract information of a chemical nature (such as atomic oxidation state) from the 
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sample surface. Thus, the technique provides a quantitative analysis of the surface 
composition and is sometimes known by the alternative acronym, ESCA (Electron 
Spectroscopy for Chemical Analysis).  
Instrumentation- XPS instruments consist of an x-ray source, an energy analyzer for the 
photoelectrons, and an electron detector. The analysis and detection of photoelectrons 
requires that the sample be placed in a high-vacuum chamber. Since the photoelectron 
energy depends on x-ray energy, the excitation source must be monochromatic. The 
energy of the photoelectrons is analyzed by an electrostatic analyzer, and the 
photoelectrons are detected by an electron multiplier tube or a multichannel detector such 
as a microchannel plate.The most commonly employed x-ray sources are those giving 
rise to Mg Ka radiation: hν = 1253.6 eV or Al Ka radiation: hν = 1486.6 eV. The emitted 
photoelectrons will therefore have kinetic energies in the range of ca. 0 - 1250 eV or 0 - 
1480 eV. Such a system is illustrated schematically below (Scheme 4.12) 
 
 
 
 
 
 
 
Scheme 4.12 Schematic for X-ray photoelectron spectroscopy instrumentation 
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4.9.1 Angle-Resolved X-Ray Photoelectron Spectroscopy (ARXPS) 
A study of photoelectron spectroscopy as a function of the take-off angle offers an 
excellent way to study atom distribution in a film [273-274]. 
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ARXPS is a method for non-destructive probing of thin surface layers (<10 nm) and 
producing depth profiles of near-surface regions by an electrostatic analyser. By varying 
the take-off angle (θ), the sampling depth can be decreased, increasing surface sensitivity 
(Scheme 4.13). Variation of composition with angle gives us idea about the preferential 
orientation at surface and helps in quantifying composition as a function of depth. 
           
 
 
 
Where, d = effective analysis depth; λ = mean free path of escaping electron; θ = angle 
between analyzer and sample surface; lmax = probing depth. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.13 Angle dependent XPS measurement 
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                  Equation 4.17 
 
λ (nm) = a kin + 0.41(Εkin.a) ] 0.5−2  [538Ε
For inorganic compounds (oxides), 
 
          Equation 4.18 
 
λ (nm) = a kin + 0.72(Εkin.a) ] 0.5−2  [2170Ε
Where a = monolayer thickness (nm)  
         
           a (nm) = 10     MW      
       ρ NAv 
1/37 
Equation 4.19 
 
 
 
MW = molar mass (g/mol); ρ = density (g/cm3); Ekin = electron kinetic energy. 
 
These equations lead to the frequently used "universal curve”. It designates the mean free 
path (electron) against the kinetic energy for specific elements (Scheme 4.14) [275]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.14 Representation of the “Universal Curve” for the elements 
Survey scans were done in a range of 0-1100 eV with pass energy of 187.8 eV. The 
obtained peak areas were normalised with sensitive factors. Electron binding energies 
(BE) were calibrated against the alkyl C 1s emission peak at 285 eV. Single peak scans of 
the elements were done at pass energy of 29.35 eV. The samples were analysed at a 
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photoelectron take-off angle of 45° except for the angle-dependent measurements. The 
take-off angle is defined as the angle between the photoelectron beam detected and the 
substrate surface. For angle-resolved measurements, the detecting angles of 30°, 45°, 50°, 
60°and 70°, respectively, were chosen. The error in binding energy measurements is 
about 0.1 eV. All compositions determined by XPS are quoted as atomic percentages or 
ratios. The estimation of layer thickness of adsorbed films was done on the base of 
determination of substrate signal at different take-off angles.  
The samples were prepared according to the protocol in Section 4.4. The modified 
substrates were subjected to XPS to assess the orientation, ordering, thickness, bonding 
state and surface composition of the SA molecules on the modified surfaces. 
Angle-resolved XPS (AR-XPS) measurements were conducted at different take-off 
angles (detector angle) with respect to the surface plane, to obtain the depth-dependent 
information. 
Spectra were referenced to the aliphatic hydrocarbon C1s signal at 285 eV. As a 
reference the bulk phosphonic acid was analysed with the take-off angle of 45° with 
respect to the surface. The uncoated metal-oxide substrates namely Ti/TiO2, Ta/Ta2O5 
and Al/Al2O3 were analysed as reference substrates. The bonding state was estimated by 
shift in the binding energy (difference between the bulk and the adsorbed sample). 
Theoretically, six different kinds of oxygen can be accounted for the analysis of the 
adsorbed phosphonic acid derivatives on the metal/metal oxide, namely, Me-Oxide, Me-
OH, bound P-OH and P=O and free P-OH and P=O. Due to the narrow overlapping of 
the peaks, the different species cannot be resolved, hence all the fitting for O1s was done 
using three peak related to Me-Oxide, bound P-OH and P=O. 
4.9.2 XPS of Pyrrole Based Adhesion Promoter Molecules 
The metal substrates coated with the ω-[(3-phenyl) pyrrol-1-yl] alkyl phosphonic acids 
were studied get information about surface composition. The survey spectrum of (3-
phenyl-pyrrol-1-yl alkyl) phosphonic acids on Ta confirms the presence of nitrogen and 
phosphorus (Fig. 4.21). Here we discuss only the C12PhP derivative. There is good 
agreement between the theoretical and experimental atomic composition of the adsorbed 
molecule and the P/N ratio is near 1:1. 
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Fig. 4.21 Survey spectrum of 12-[(3-phenyl) pyrrol-1-yl] dodecyl) phosphonic acid 
adsorbed on Ta/Ta2O5 
P2p
 -T
a4
f
 -P
2p
 
 -P
2s
 -C
1s
 -T
a4
p3
 -N
1s
 
 -T
a4
p1
 -O
1s
Binding Energy [eV]
2.0
1.8
1.6
0.8
1.4
1.0
1.2
C
ou
nt
s (
x 
10
4 )
 / 
se
co
nd
0.6
0.4
0.2
0
600 500 400 300 200 100
 
140
 -T
a4
d3
 -T
a4
d5
136 132 128
 
Table 4.4 Atomic concentration of the C12PhP molecule on the tantalum surface.  
 
Atomic Composition (%) Detector  
Angle, [°] C1s 
 
N1s 
 
P2p 
 
O1s Ta 4f 
 
 
Composition 
 
Calcd. 81.5 3.7 3.7 11.1 - C22H34NPO3 
45 
Exptl. 82.8 2.1 2.2 10.3 7.5 C22.35HxN0.57P0.59O2.8 
Theoretical atomic concentration of the SA molecule on the tantalum surface was found 
to be in good agreement with experimentally calculated values at 45° photoelectron take-
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off angle (Table 4.4) The formal stoichiometry of 12-(3-phenyl-pyrrol-1-yl dodecyl) 
phosphonic acid is C22H34NPO3.  
Orientation processes of phosphonic acids were investigated by angle-resolved XPS 
measurements (AR-XPS). The detector angles were varied from 20° to 70°. At low 
detector angles we get information from the elements present at the top layer rather than 
the deeper regions. On increasing the angle to 70-90° one can get information from the 
substrate region. Specific elements, called marker elements namely “N” and “P” were 
studied and from their variation at different angles we got information regarding 
orientation of these layers. The C1s peak of carbon, P2p peak of phosphorous and N1s 
peak of nitrogen were used for analysis. 
On Ta 12-(3-phenyl-pyrrol-1-yl dodecyl) phosphonic acid showed an increase in P/N 
ratio with increasing detector angle, thereby indicating that phosphonic acid group 
interacts with surface hydroxyl groups. Decrease of C/N ratio with increasing detector 
angle also confirms the fact that phosphorous is attached to the surface. The trend in the 
variation of the P/N and C/P ratios proves that the adsorbed layers are well oriented on 
the metal/metal oxide surfaces (Fig. 4.22). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.22 Angle-resolved XPS on Ta using 1mM 12-[(3-phenyl)-pyrrol-1-yl]-dodecyl 
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4.9.3 XPS of 2,5-Dithienylpyrrole Based Adhesion Promoter Molecules 
4.9.3.1 XPS of [4-(2,5-Di-thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid 
Ti/TiO2 and Al/Al2O3 were analysed as reference material to obtain the curve-fitting 
parameters for O1s, Al-Ox and Ti-Ox signals.  
The survey spectrum obtained from bulk ArP powder (free acid) is shown in Fig. 4.23. 
The bulk powder of the phosphonic acid was taken as reference for further fitting. The 
experimental and theoretical atomic compositions are also shown in Fig. 4.23 and they 
are in reasonable agreement. 
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Fig. 4.23 Survey spectrum of ArP (bulk powder) 
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The survey spectrum of ArP modified Al/Al2O3 is shown in Fig. 4.24. 
Table 4.5 Atomic composition of the SA monolayer of ArP on Al compared to that of 
bulk. 
 
Experimental Atomic Composition (%) Detector 
Angle, [°] C 
(73.07) 
N 
(3.8) 
P 
(3.8) 
S 
(7.6) 
O 
(11.4) 
       Composition 
 
          C19NS2PO3 
20 on Al, 1h 76.55 2.1 2.54 3.45 10.25 C19.9N0.55S0.89P0.66O2.7 
20 on Al, 4h  79.22 3.26 2.74 4.97 7.5 C20.6N0.85S1.29P0.71O1.95 
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Fig 4.24 The survey spectrum of ArP adsorbed on Al/Al2O3 shows the presence of the 
marker atoms 
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The modified substrates were analysed by taking the blank substrate as reference. The 
single peak measurements for C1s and O1s are shown in Fig. 4.25 and Fig. 4.26 
respectively. The C1s signal of the ArP powder is asymmetric, showing contribution at 
285.0 eV due to aliphatic chain and the one at 286.8 ± 0.2 eV show contributions from C-
S, C-N and C-P (Fig. 4.25). There is no possibility to differ between C-S-, C-N- and C-P-
bonds in the case of 40-atom % C and only about 2-atom % S, N, and P. 
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Fig. 4.25 Single peak spectra of carbon on Al/Al2O3 adsorbed with ArP 
 
 The O1s signal have been resolved into three signals at 531.4, 533.5, 531.9 for Al-Ox, P-
OH and P=O respectively (Fig. 4.26). The assignments have been carried out taking only 
initial chemical state effects into account and on the basis of literature data and are 
consistent with the previously published results [276]. 
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Fig. 4.26 Single peak spectra of oxygen on Al/Al2O3 adsorbed with ArP 
 
 
The substrates were modified for two different time intervals, 1 and 4 h. The results were 
analysed for Al/Al2O3 and Ti/TiO2 surfaces for both 1 and 4 h. [4-(2,5-Di-thiophen-2-yl-
pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid, ArP, is again a bifunctional molecule with 
different possibilities of orientation on the surface. One case is a completely disordered 
arrangement in which molecules are randomly placed and oriented on the surface. And 
the second possibility is the anchoring of phosphonic acid to the metal oxide surface with 
the free head group on the top or vice-versa. In order to investigate the correct alignment 
of the adsorbed molecule we chose P, N and S as marker atoms.  
Angle dependent XPS measurements give information about the adsorbed layer by 
varying the information depth. At low detector angles we see the atoms present on the 
surface of the SAM and with increasing angles we get information about the atoms bound 
to the oxide surface. 
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Fig. 4.27 Variation of P/S ratio and P/N ratio for different adsorption time of ArP on 
Al/Al2O3 
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Variation of ratio of the marker atoms, P, N and S on Al/Al2O3 is shown in Fig. 4.27. P/N 
and P/S ratio increase with increase of the detector angle. The trend indicates the 
orientation of the molecule with phosphorous of the polar head group bound to the 
surface and the conjugated heteroatomic system standing free on the top for further 
reactions. Fig. 4.28 gives a very good quantitative estimation of the variation of P2p peak 
with detector angle. The intensity of the peak increases with increasing take-off angles 
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confirming the fact that phosphorous is located in the inner part of the SAM of this 
derivative. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.28 Variation of P2p peak with detector angle (ArP on Al/Al2O3) 
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The results of qualitative and quantitative analysis are summarised further in Tables 4.6.  
Table 4.6 Shift of binding energy after adsorption of ArP (1 mM solution in EtOH) for 1 
h and 4 h on aluminum. 
 
Sample Al2p O1s O1s O1s P2p S1s N1s 
Assignments Al Al-Ox P-OH P=O -C-P -C-S -C-N 
EB, bulk [ev] 74.65 531.36 533.46 531.90 134.10 164.14 400.44 
EB, ads 1h [ev] 74.75 530.88 533.03 532.04 133.46 164.14 400.31 
∆ EB, 1h (EB, ads- EB) [ev] +0.10 -0.48 -0.43 +0.14 -0.64 0.00 -0.13 
EB, ads 4h [ev] 74.81 531.11 533.27 532.30 133.53 164.14 400.24 
∆ EB, 4h (EB, ads- EB) [ev] +0.16 -0.25 -0.19 +0.40 -0.57 0.00 -0.20 
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Time (h)          Part of oxygen content, O1s (%) 
 P-OH P=O 
1 55 19 
4 53 10 
The results of binding energy in Table 4.6 are more clearly depicted in Fig. 4.29. Shift in 
the binding energy of P=O to a higher value implies donation of electron to the metal by 
cleavage of P=O bond. At this energy there is an overlap of oxygen peaks from Al-Ox 
and P-OH bonds. The shift of P-OH to lower binding energy is likely due to 
deprotonation of the phosphate acid head group upon coordination to the metal surface 
and corresponding formation of negative charge on the phosphate head group. The Al-Ox 
binding energy decreases implying enrichment of electrons from the bonded 
phosphonate. The changes in binding energies can be depicted by Scheme 4.15, 
displaying a possible reaction pathway. Both the P-OH and P=O are involved in bonding 
to the metal oxide surface, hence, probably tridentate or mixed mode of bonding (Scheme 
4.10). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.29 Variation of difference in binding energy after adsorption of ArP on Al/Al2O3 
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From table 4.7 we can also see that more number of P-OH (55%) are involved in bonding 
compared to P=O for 1 h and 4 h adsorption time. With increasing time of adsorption we 
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observed increase in the phosphorous content and decrease in the oxygen content. This 
indicates that the molecules are closer packed with increasing adsorption time. 
Depending on the nature of the coupling molecule and time of adsorption, different 
mechanism of anchoring can be proposed. The anchoring is expected to involve both the 
coordination of the phosphoryl oxygen to the Lewis acid sites (Scheme 4.15a) and 
condensation of P-OH groups with the surface hydroxyl groups, Me-OH (Scheme 4.15b). 
The results from the grazing-angle FTIR also show the disappearance of P=O and 
decrease of the bands that are characteristics of P-OH, suggesting coordination and 
condensation of the phosphoryl oxygen. A probable mechanism is depicted in Scheme 
4.15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.15 Proposition of bonding mechanism of RPO3H2 on Al/Al2O3 
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Scheme 4.15a shows the cleavage of the Al-Ox-Al bond by phosphonic acid. Although 
the metal oxygen bonds are chemically stable; the coordination of the phosphoryl groups 
most probably assists the cleavage. The intermediate formation of an oxonium bridge 
would likely to occur through the transfer of a proton from the acid.  
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4.9.3.2 XPS of ω-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-phosphonic acid, SNSnP 
We have synthesized a series of [(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-phosphonic 
acids, SNSnP with variable chain length and examined their monolayers by XPS on metal 
oxide surfaces. As examples we have showed the shift in binding energy of SNS10P and 
SNS4P derivative on Al/Al2O3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.30 Survey spectrum of SNS10P adsorbed on Al/Al2O3 
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As for other derivatives, we can see here as well that the ratio of the marker atoms (P/N) 
with detector angle explains the orientation of the molecules on the surface. The trend 
shows that the molecules are standing with the phosphonic acid head group pointing 
towards the surface. The acid-base interaction holds the molecule in the respective way 
(Scheme 4.10 and 4.15). As can be seen from Fig. 4.31 the P2p signal is increasing with 
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increasing take-off angle implying more phosphorous is present near to the surface. At 
the same time the decreasing value of P/N ratio with increasing detector angle confirms 
that phosphorous is present in the inner part of the monolayer and the terminal group is 
present on the top for surface reactions (Fig. 4.32). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.31 Single peak spectrum of phosphorous, P2p peak of SNS10P on Al/Al2O3 
1.
6
x
10
3
Angle to the surface P2p 
25° 
35° 
45° 
60° 
75° 
C
ou
nt
s (
x 
10
3 )
/ s
ec
on
d 
142 140 132 134 136 138 
Binding Energy [eV] 
130 128 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.32 Variation of S/P ratio with detector angle on Al/Al2O3 
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Table 4.7 Shift of binding energy of 10-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-decyl]-
phosphonic acid, SNS10P 
 
Sample Al2p O1s O1s O1s P2p S1s N1s 
Assignments Al Al-Ox P-OH P=O -C-P -C-S -C-N 
EB [ev] 75.08 531.69 533.45 531.90 134.37 164.35 400.49 
EB, ads [ev] 74.90 531.57 532.18 532.44 133.75 164.11 400.26 
∆ EB (EB, ads- EB) [ev] -0.18 -0.12 -0.27 +0.51 -0.65 -0.24 -0.23 
 
Part of oxygen content, O1s (%) 
P-OH P=O 
34 33 
 
Table 4.8: Shift of binding energy of 4-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-butyl]-
phosphonic acid, SNS4P. 
 
Sample Al2p O1s O1s O1s P2p S1s N1s 
Assignments Al Al-Ox P-OH P=O -C-P -C-S -C-N 
EB [ev] 75.08 531.69 533.45 531.90 134.37 164.35 400.49 
EB, ads [ev] 75.00 531.26 533.39 532.40 133.75 163.58 400.36 
∆ EB (EB, ads- EB) [ev] -0.08 -0.43 -0.06 +0.50 -0.62 -0.77 -0.13 
 
Part of oxygen content, O1s (%) 
P-OH P=O 
48 17 
 
The shift in the binding energy of Al-Ox, P-OH and P=O indicates bond conversion of 
free phosphonic acid to its salt form (PO32-). Simultaneous shift in the binding energy of 
metal oxide and P-OH peak to a lower value and P=O to a higher value signifies donation 
of proton and electron by P-OH and phosphoryl oxygen respectively to metal substrate 
(as explained in case of ArP). For SNS10P equal percent of P=O and P-OH are involved 
in bonding. In case of SNS4P, more percent of P-OH are participating in bonding to the 
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metal oxide substrate. Perhaps, the chain length may have an influence on the bonding 
mode. 
The thickness of the adsorbed layer for the SNSnP derivatives was estimated using a 
four-layer model∗. For instance, for SNS10P, the adlayer thickness of 2.1 nm using this 
model is in agreement with the theoretically determined length (1.8 nm, calculated from 
ACD software). The result indicates the formation of a monolayer. 
4.9.3 XPS of ω-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane 
Adsorption and orientation of SNSnTMS was also investigated by XPS. The presence of 
C, N, S and Si in the survey spectrum confirms the adsorption of the silane derivative, 
SNS11TMS on Ti/TiO2 (Fig. 4.33). The single O1s spectrum contains three peaks at 
530.3, 531.1 and 532.9 eV. The peak with lowest binding energy is due to TiO2, and the 
middle peak can be assigned to OH and some contamination. Peak at 532.9 eV is 
attributed to Ti-O-Si and Si-O-Si, it results from the grafting of silanes on Ti/TiO2 surface 
and cross-linking of neighbouring Si-OH groups. The results are in good agreement with 
grazing angle incidence spectroscopy, which also indicate the conversion of Si-OMe to 
Si-O-Si bonds after adsorption. 
 
                                                 
∗ Thickness calculation done by Miss. Magdalena Kozlowska in the group of Prof. Wetzig, IFW,    
  Dresden 
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Fig. 4.33 Survey Spectrum of SNS11TMS adsorbed on Ti/ TiO2 
 
The adsorption of ω-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane, 
SNSnTMS was studied both on Si oxide substrate and Ti/TiO2. Silanes are known to 
adsorb well on Si via Si-O-Si covalent linkages. For SNSnTMS we chose Si and N as the 
marker atoms. The orientation of this silane derivative on Ti/TiO2 is investigated using 
ARXPS measurement (Fig. 4.34). The Si/N ratio decreases with increasing detector 
angle. This trend indicates that Si is bound to the surface and N from the pyrrole ring is 
free on top.  
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Fig. 4.34 Si/N ratio for 11-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-undecyl]-trimethoxysilane, 
SNS11TMS adsorbed on Ti/ TiO2 
 
Table 4.9 Shift of binding energy of 11-[(2,5-dithiophen-2-yl-pyrrol-1-yl)-undecyl]-
trimethoxysilane adsorbed on Ti/ TiO2 
 
Sample Ti2p O1s O1s O1s S1s N1s 
Assignments Ti Ti-Ox Ti-OH Si-O-Si -C-S -C-N 
EB [ev],Ti blank 458.7 530.1 531.4 - - - 
EB, ads [ev] 458.9 530.25 531.1 533.9 164.0 400.6 
∆ EB (EB, ads- EB)[ev] +0.2 +0.15 -0.3 - - - 
 
From the change in binding energy we can say that silane adsorb on the Ti/TiO2 surface 
through formation of covalent Si-O-Ti and Si-O-Si bond.  
 
 4.10 UV-Vis Spectroscopy of Modified Substrates 
 
The modified substrates were examined by UV-Vis spectroscopy. We can clearly see a 
dependence of wavelength of maximum adsorption on the chain length of the derivatives. 
Similar observations were made for the UV-Vis spectrum in solution. Although the 
variation is not much, it can be explained in terms of hindrance to coplanarity with 
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increasing chain length and hence increase in energy of adsorption. Comparing the alkyl-
substituted derivatives, SNSnP and aromatic-substituted derivative, ArP, we conclude 
that the dependence on the λmax comes from the substituent. Bulky and rigid substitutent 
increases the energy for π−π* transition more than an alkyl group with the same 
functionality.  
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Fig. 4.35 UV-Vis spectrum of monolayer of SNSnP derivatives on quartz 
 
4.11 Summary of Surface Characterization 
 
Various analytical tools of different sensitivities were used to characterize the thin films 
of few nanometers. It is known that phosphonic acid adsorb very fast on oxide substrates. 
The first indication of successful adsorption was obtained from contact angle and 
microdroplet density measurements. The two methods yield complementary information, 
µdd chiefly indicative of surface heterogeneity unlike contact angle, which gives us an 
idea about the surface wettability. High contact angles (~ 90-95° for SNSnP and 100-
110° for SNSnTMS) compared to the uncoated blank substrate (~40-55°) gave the first 
indication of the change in surface properties. Advancing (θa) and receding (θr) contact 
angle measurement by Wilhelmy method was investigated to check the stability of the 
adsorbed layer and its dependence on chain length. Long chain derivatives were quite 
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stable. The θa showed a variation of only few degrees between the first and the last cycle 
(8th). The SNSnTMS can be good adsorbed on the pretreated surface with a low 
concentration of 0.5 % v/v to yield a densely covered area. Oligomerization of the 
monomers could be controlled during adsorption by the use of dry solvents. 
The adsorption kinetics was studied by surface plasmon resonance spectroscopy on 
special substrates, LaSFN9/ 45 nm Au/ 2.5 nm Al2O3. The angle scans after kinetic study 
and washing with ethanol and before adsorption were compared. The shift in the angle of 
TIR reflects changes in the refractive index of the surface after adsorption. 1 h was taken 
as the time of adsorption for all further characterizations. 
UV-Vis of the modified substrate showed the presence of the molecules on the surface.  
Grazing-angle FTIR confirmed the presence of these molecules on the surface. The 
comparison of the bulk and the adsorbed spectra indicate the participation of the 
phosphonic acid group in adsorption. The disappearance and change in shape of the peak 
of P=O and P-OH respectively, indicate a bidentate, tridentate or mixed mode of bonding 
on the surface. For silane derivative, we observe the conversion the -Si(OCH3)3 to Si-O-
Si linkage during the adsorption on Ti/TiO2 surface. 
The orientation of the bifunctional molecules on the modified surface was investigated by 
angle-resolved XPS. Ratio of the marker atoms, S/P or N/P for SNSnP and N/Si 
SNSnTMS with increasing detector angle confirms that the molecules are oriented with 
phosphonic acid group bound to the surface and free polymerisable group on the top. The 
shift in the binding energy of P=O to a higher value implies donation of electron to the 
metal by cleavage of P=O bond. Also the shift of P-OH to lower binding energy is likely 
due to deprotonation of the phosphonate acid head group upon coordination to the metal 
surface (formation of M-O-P bond) and corresponding formation of negative charge on 
the phosphate head group. Grazing-angle FTIR and XPS suggest the involvement of both 
P-OH and P=O with the metal/metal oxide during the adsorption. 
The modified substrates with desired orientation of the adsorbed molecules are now ready 
for surface induced polymerization.  
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CHAPTER 5 
Theoretical Background of Conducting Polymers 
 
5.1 Introduction- Conducting polymers 
Conjugated conducting polymers have become an important class of semiconductors. 
Intrinsically conducting polymers (ICPs) are an exciting new class of electronic 
materials, which have attracted rapidly increasing interest since their discovery in 1979 
[277]. ICPs have the potential of combining the high conductivities of pure metals with 
the processibility, corrosion resistance and low density of polymers [278] and are 
beginning to find applications in the fields of battery materials [279], electrochromic 
displays [280], electromagnetic shielding [281], sensor technology [282], non-linear 
optics [283] and molecular electronics [284-285]. 
Materials in the real world may be classified into three categories according to their room 
temperature conductivity properties- Insulators, Semiconductors and Conductors. 
The overlapping of individual molecular electronic states in all these materials produces 
electronic bands. Valence electrons overlap to produce valence band (also called π orbital 
band), while the electronic levels immediately above these levels also coalesce to 
produce conduction band (π* orbital band). A gap, called band gap, generally denoted by 
Eg exists between these two bands. The three conductivity classes (with examples) are 
depicted schematically in terms of their band gaps (Scheme 5.1). 
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Scheme 5.1 Classification of materials over a range of 1024 ohm-1 cm-1 from insulators to 
conductors (Valence Band = VB; Conduction Band = CB; Band Gap = Eg) 
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5.1.1 A Brief History- Polyacetylene 
Large-scale interest in conducting polymers is a relatively recent occurrence, although 
materials, which might be considered electrically conductive polymers, such as filled 
polymers and aniline blacks, were known at the beginning of last century. The current 
interest in conductive polymers began in the 1970's, when it was found that the electrical 
conductivity of polyacetylene, a semi-conductor when pristine, could be increased by 
over fifteen orders of magnitude by treatment with oxidising agents such as iodine. 
Polyacetylene has been the most theoretically [286] and experimentally studied 
conducting polymer, owing to its simplistic conjugated structure and high conductivity 
(104-106 S cm-1), comparable to that of metals [287]. Most research on polyacetylene has 
been performed on the 'Shirakawa' type, which is synthesised via the Ziegler-Natta 
polymerisation of acetylene [288-289]. A number of approaches have been developed to 
resolve the intractability problem inherent with the Shirakawa method. One such 
approach has been the use of copolymerisation, with the potential of combining the high 
conductivity of polyacetylene with the processibility normally associated with 
conventional polymers. However, in practice, the properties of these copolymers tend to 
be significantly different from those of the constituent polymers and while some of the 
intractability problems have been overcome, this is at the expense of high conductivity. 
Soluble materials have been produced, exhibiting high specific dc electrical 
conductivities of the order of 104 S cm-1 [290]. In addition to chemical doping, 
polyacetylene can also be doped electrochemically, with electro-oxidation resulting in p-
doping and reduction leading to n-doping [291].  
5.1.2 Polyheterocycles as Conducting Polymers 
The synthesis of polyacetylene in the high conducting doped form was a starting point for 
a considerable number of studies. Electrodeposition of freestanding films of polypyrrole 
from organic media [292] opened the way to an intensive research into polyheterocyclic 
and polyaromatic conducting polymers [293]. The electrochemical oxidation of these 
resonance-stabilised aromatic molecules has become one of the principal methods of 
preparing conjugated, electronically conducting polymers. Since the first reports of the 
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oxidation of pyrrole, many other aromatic systems have been found to undergo 
electropolymerisation to produce conducting polymers (Table 5.1). These include, 
thiophene [295-298], furan [295], aniline [299-302], azulene [303-304], indole [295], 
para-phenylene [305], as well as many substituted, multi-ring and polynuclear aromatic 
hydrocarbon systems. All the resulting polymers have a conjugated backbone, which is 
required for electroactivity. In addition, the polymers are electrochemically oxidised to 
their doped states as they are formed. This oxidation necessitates the incorporation of 
charge compensating anions, also known as dopants, into the oxidised film to maintain 
electroneutrality.  
Table 5.1 Names and idealised structures of the most widely studied conducting 
polymers [295-304]. 
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Before the discussing the properties of polyheterocyclic conducting polymers further, the 
mechanisms for the electronic conductivity and the nature of charge carriers in 
conjugated polymers are first considered. 
 
5.1.3 Mechanisms of Conduction 
 
Mechanisms for the electronic conductivity and the nature of charge carriers in 
conjugated polymers are best explained using the band theory. It says that a half filled 
valence band would be formed from a continuous delocalized π -system. This would be 
an ideal condition for conduction of electricity. However, it turns out that the polymer 
can more efficiently lower its energy by bond alteration (alternating short and long 
bonds), which introduces a bandwidth of 1.5 eV making it a high-energy gap 
semiconductor. The polymer is transformed into a conductor by doping it with either an 
electron donator or an electron acceptor. 
 A brief summary of the various theoretical models for the electronic conductivity of 
conjugated polymers, using polyacetylene and polypyrrole as examples, is given below. 
The degeneracy of the ground state of (E)-polyacetylene (Scheme 5.2 (a) and (b)) 
produces structural defects in polymer chains, causing a change in bond alternation 
(Scheme 5.2 (c)). At the defect site, a single unpaired electron exists, although the overall 
charge remains zero, creating a new energy level at mid-gap (a non-bonding orbital). This 
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neutral defect state, known as a 'soliton', is singly occupied, possessing a spin of ½, and is 
delocalised over about fifteen carbon atoms [306]. The soliton energy level can 
accommodate zero, one or two electrons and thus the soliton may also be positively or 
negatively charged, giving the unusual property of separating spin and charge, with 
neutral solitons possessing spin, but no charge, and charged solitons having no spin. In a 
doped polymer, charge is located in the mid-gap states, since these provide the HOMO 
for charge removal and the LUMO for charge injection. Since a defect can occur 
anywhere along the chain, there is translational symmetry in the system, providing 
mobility of the soliton along the chain, offering a mechanism for electronic conductivity. 
Two neutral solitons usually recombine eliminating structural defects, although single 
solitons can arise on chains with imperfections [307-308]. In contrast, charged solitons 
repel each other and lead to isolated charged defects [306]. A neutral soliton and a 
charged one can however achieve a minimum energy configuration by pairing [309], 
producing a 'polaron' [310], which is essentially a radical cation, and gives rise to two 
states in the band gap, a bonding and an anti-bonding orbital, with symmetry placed 
about the mid-gap energy. 
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Scheme 5.2 The two degenerate (E)-structures of polyacetylene (a) and (b); (c) shows a 
soliton defect at a phase boundary between the two degenerate (E)-phases of 
polyacetylene, where the bond alternation is reversed 
.
(a) (b)
( or )
+
+
+
(c)
Opposite orientation
Neutral 
polymer 
Polaron               Soliton     Soliton Band 
Eg 
CB 
VB 
CB 
VB 
CB
VB
CB 
VB 
 
(E)-Polyacetylene is the only conjugated polymer to possess a degenerate ground state. 
All other conjugated polymers possess non-degenerate ground states, and this affects the 
nature of charges, which they can support [311]. In such polymers, where two non-
degenerate regions are separated by a topological defect, the formation of single solitons 
is energetically unfavourable, and paired sites are formed [309]. This is the case for 
polypyrrole, which can be drawn with either aromatic (Scheme 5.3 (a)) or quinoid 
(Scheme 5.3 (b)) structures, of which the latter possesses a higher energy configuration. 
Two neutral radicals on a single chain will recombine to eliminate the structural defect 
[306], although, if one is charged, a polaron is formed which is delocalised over about 
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four rings (Scheme 5.3 (c)). This creates a new localized electronic state in the gap, with 
the lower energy states being occupied by a single unpaired electron. The polaron states 
of polypyrrole are symmetrically located about 0.5 eV from the band edges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.3 Possible structures of polypyrrole showing the non-degenerate aromatic 
(a) and quinoid (b) configurations; (c) a polaron defect, and (d) a bipolaron defect 
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In contrast to polyacetylene, when both defects are charged, they are predicted to pair up 
to form a 'bipolaron' [306], consisting of a doubly charged defect with no spin (Scheme 
5.3 (d)) and extending over a similar number of rings to the polaron (radical cation). 
Upon further oxidation the free radical of the polaron is removed, creating a new spinless 
defect called a bipolaron. This is of lower energy than the creation of two distinct 
polarons. At higher doping levels it become possible that two polarons combine to form a 
bipolaron. Thus at higher doping levels the polarons are replaced with bipolarons. The 
bipolarons are located symmetrically with a band gap of 0.75 eV for polypyrrole. This 
eventually, with continued doping, forms into a continuous bipolaron bands. Their band 
gap also increases as newly formed bipolarons are made at the expense of the band edges. 
For a very heavily doped polymer it is conceivable that the upper and the lower bipolaron 
bands will merge with the conduction and the valence bands respectively to produce 
partially filled bands and metallic like conductivity.  [312].  
Although these charge carriers are responsible for electrical conductivity in conjugated 
polymers, many structural imperfections are present in all polymers and thus when 
discussing mechanisms of bulk conductivity, these defects need to be considered. 
Conductivity is not only a result of charge transfer along the chain, but is also due to 
electron hopping between chains and between different conjugated segments of the same 
chain. In addition to these effects, which act at a molecular level, bulk conductivity 
values are also dominated by electron transfer between grain boundaries and variations in 
morphology [313]. Thus, the bulk conductivity of a conjugated polymer may be 
described by equation 5.1 [278]. 
 
                        Equation 5.1 
niZieVi 
     E σ = Σ  
 
where, e = electronic charge (1.60 x 10-19 C), vi = drift velocity of electron (cm s-1),  E = 
electric field (V cm-1) 
Equation 5.1 takes into account different types of charge carrier that contribute to the 
overall observed electrical conductivity in the bulk polymer. 
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5.1.3.1 Methods for Determination of Conductivity 
 
Two-point contact method (Scheme 5.4 (a) and (b)) is most frequently used contact 
geometry for electronic devices. Four-point geometry (Scheme 5.4 (c)) is suitable for 
precise conductivity measurements. This method eliminates the influence of contacts, like 
possible Schottky-barriers at the interface between metal contact and the organic thin 
film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Two-point parallel mode      (b) Two-point perpendicular      (c) Four-point method
 mode   
Scheme 5.4 Typical contact geometries for DC conductivity of organic thin films 
 
Theory 
In general specific conductivity is given by the following equation 5.2. It consists of 
contributions from different types of charge carriers (electrons, holes, ions, polarons and 
bipolarons), equation 5.3. 
                     Equation 5.2 
  
 
σ  =   1     = 
ρel 
1 x l
R A
 
          Equation 5.3 
  σ = Σ σi  =  Σ ui N(v)i qi 
Where ρel = specific resistance, l = length of the conducting film, A = area of the cross-
section, N(v)i = density of charge carriers, qi = charge of charge carrier I, and ui = mobility 
of charge carrier i. 
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5.2 Derivatised Conducting Polymers 
Derivatisation provides one of the best methods of achieving molecular level control of 
structure and electronic and electrochemical properties of conductive polymers [314-
318]. This was originally achieved through the use of dimers [319-320], trimers [187] 
and tetramers [250] of thiophene and pyrrole which were found to undergo 
electropolymerisation to produce electroactive films with modified properties to those of 
the parent monomer. For example, poly(bithiophene) and poly(terthiophene) are usually 
obtained as powdery deposits rather than homogeneous films, showing lower  
conductivities (approx. 3-0.02 S cm-1, in the case of poly(bithiophene)) than typically 
observed for polythiophene [321]. This is reflected in the electronic absorption spectra, 
which show a hypsochromic shift in the absorption maximum, suggesting a decrease in 
the mean free conjugation length of the polymer. Thus, electropolymerisation of 
monomers and oligomers does not produce the same polymer as might be expected. 
5.2.1 Substituted Heterocycles 
Pyrroles and thiophenes substituted at the 3-(β-) position (and also the N-position for 
pyrrole) can often undergo electropolymerisation to produce conducting polymers, since 
the 2- and 5-(α-) positions remain available for monomer coupling [311]. The 
electrochemical behaviour of a wide-range of β-substituted pyrroles and thiophenes has 
been investigated, although β-substituted thiophenes are generally more suitable than 
their pyrrole analogues due to their high stability and ease of preparation [23]. The 
products formed from electro-oxidation are highly dependent on the substituent, with 
some reactions producing conducting polymers and others, insulating layers or soluble 
species. This has been attributed to electronic and steric factors [23].   
This work is an extension of my M.Tech work where 1-substituted pyrrole alkyl 
phosphonic acid derivatives were designed as adhesion promoter to graft polypyrrole 
layers on several substrates. Theoretical electron-density calculations showed that by 
blocking the 3-position the polymer-defect due to α-β or β-β coupling can be reduced. 
Therefore, we have modified these derivatives by substituting a phenyl group at 3-
position (Scheme 5.5). 
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(CH2)   PO3H2n
n = 10, 12  
 
 
 
 
 
Scheme 5.5 3-phenyl substituted pyrrole alkyl phosphonic acid 
5.2.2 Functionalised 2,5-Dithienylpyrrole Monomers 
As is true for other areas of polymer chemistry, the use of copolymers can simultaneously 
broaden and allow better control over electrical, electrochemical and optical properties. 
Polythiophene (PT) and polypyrrole (PPY) are certainly two of the most widely studied 
organic conducting polymers due to their good conductivity [322]. Although, PPY is 
highly conducting, it is not stable in the dedoped state towards oxygen. On the other 
hand, PT, although stable requires high oxidation potential to be cycled between the 
doped and the dedoped state. Tailoring of the electroactive properties could be reached by 
the preparation of hybrid polymers including pyrrole and thiophene unit [208]. 
5.2.2.1 Mechanism of Polymerisation in 2,5-Dithienylpyrrole Derivatives 
Polymerization of the triheterocyclic precursors is accomplished by electrochemical or 
chemical oxidation and proceeds by coupling of cation radicals. Electrochemical 
polymerization is particularly useful because it offers control over the polymerization 
potential and provides an analytical method for monitoring and evaluating the 
polymerization process. Most importantly, electroanalytical techniques can provide 
quantitation of the stability and coupling rates of the cation radicals generated by one-
electron oxidation of the triheterocyclic precursors. 
The three likely resonance structures for the cation radical of the N-alkyl-substituted 2,5-
bis(2-thienyl)pyrroles are shown in Scheme 5.6, the positive charge is localized on the 
pyrrole unit, and the unpaired radical electron is placed on three different carbon atoms. 
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Radical coupling of these structures will lead to a linear structure (α−α coupling) or to 
various branched structures (α−β’, α−β”, β’-β’, β”-β”, β’-β” couplings). The degree of 
linear versus branched structure will influence the properties of the final polymer. 
 
 
 
 
 
 
 
 
 
Scheme 5.6 Resonance structures in N-alkyl-substituted 2,5-bis(2-thienyl)pyrroles 
N
SS
N
SS
RR
N
SS
R
+
.
α
 β β'
 β''
+
α
 β β'
 β''
.
+
α
 β β'
 β''
.
SS
N
R
α
 β β'
 β''
 
The electrochemical mechanism of polymerization of N-alkyl-substituted 2,5-bis(2-
thienyl)pyrroles  is reported by Cava et al. [208] and Audebert et al. [195].  
It has now been demonstrated in several instances (for the electrochemical oxidation of 
pyrroles [195], bipyrroles [168,171], substituted oligothiophenes [170,173,323] that the 
dimerization involves the reaction between two cation radicals to form a protonated 
dimer whereas the coupling between the cation radical and the starting oligomer is 
negligible [324]. The produced dimer has still to lose two protons to allow the growing of 
the polymer, and it was shown for several examples that this deprotonation step can be 
much slower than the carbon-carbon bond formation [208]. In view of these numerous 
results, it is likely that a similar type of coupling between two cation radicals (CR-CR 
mechanism) is involved during the R-R-dimerization of thiophene-pyrrole-thiophene 
oligomers with free R-terminal positions (Scheme 5.7). 
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Scheme 5.7 Mechanism of dimerisation and further polymerisation in N-alkyl-substituted 
2,5-bis(2-thienyl)pyrroles 
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Otero et al. studied the electrochemical processing of the conducting polymer poly(SNS) 
yielding a solution of the reduced polymer in the electrolyte. Electropolymerisation and 
electrodissolution are not reversible processes: new covalent bonds and changes of 
molecular weight of the molecules takes place during polymerization. They explained for 
the first time, the formation of solid polymeric films by electrochemical oxidation of the 
soluble reduced polymer. The molecular weight of oligomers of low molar mass 
(oxidized poly(SNS)) was determined by MS-FAB. It was found to be the mixture of 
dimer, trimer, tetramer, pentamer and hexamer. SNS, the monomer presents and 
absorption band, which has a maximum at 340 nm (3.57 eV) and can be attributed to π-
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π* transition. UV-Vis study of poly(SNS) (oxidized and reduced) present the same 
absorption band and a new band at 427 nm (2.95 nm). The oxidized polymer have four 
bands at 594 nm (2.08 eV), 639 nm (1.94 eV), 749 nm (1,65 eV) and 814 nm (1.52 eV). 
The last four bands in the oxidized state are attributed to the presence of dications 
(bipolarons) along the polymeric chain [325-327]. 
More recently, the electrochemical properties (and of the corresponding cation radicals) 
of mixed pyrrolethiophene oligomers have been studied by various groups [207-208,328-
329]. 
The conductivity of the polymer film changes with concentration of the electrolyte and 
voltage used in the synthesis. Pethrick et al.  found that the conductivity of poly(SNS) 
doped with para-toluene sulphonate is between 10-8 and 10-1 S cm-1. The polymer films 
were found to be soluble under certain conditions in acetonitrile and acetone, dramatic 
changes in colour of the solution occurred with addition of the aprotic solvents such as 
chloroform. The study indicates the feasibility of the production of soluble conducting 
polymers [189]. 
 
5.2.2.2 Transport and Optical Properties of Derivatised 2,5-Dithienylpyrrole 
Monomers 
The properties of polymers based on heteroaromatics are variables over a wide range of 
conductivity, processibility, and stability depending on the type (number) of substituents, 
ring fusions, etc., present in the monomer (and presumably the resultant polymer). One 
variable that is expected to be important is the heteroatom composition. Ferraris et al. 
have reported a series of copolymers of thiophene with pyrrole, N-substituted pyrroles, 
furan and selenophone, in which there is controlled S/X (X= NH, N-R, O or Se) ratio in 
the copolymer and a formally known sequence distribution [191].  These substitutional 
alloys were prepared in powder form by chemical oxidation of the appropriate three-ring 
system, shown in Scheme 5.8, where the heteroatom of the central ring, X, is varied 
between NH [(SNS, 1), N-CH3 [SMS, 2], O [SOS, 3] and S [SSS, 4]. Four-probe 
conductivity measurements on compressed pellets suggested that the heteroatom 
composition did influence the magnitude of the conductivity for comparably doped SXS 
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polymers but due to high overall doping levels (21-49%) of the systems studied the 
effects could not be well studied. 
 
 
 
 
 
Scheme 5.8 Acronyms and structures of tri-ring monomers [177] 
S S
X
X = NH             SNS             1
X = NMe          SMS             2
X = O               SOS              3
X = S                SSS              4
 
The electrical properties of the poly(heteroaromatics) can be varied from insulating to 
highly conducting upon chemical (electrochemical) oxidation and reduction. Marked 
electrochromism often accompanies these changes. Although the term “doping” has been 
applied to the process of oxidation-reduction in these materials, it is not the same 
phenomenon that occurs with traditional inorganic semiconductors like Si or GaAs, 
because the polymeric systems are typically doped to the tenths-to-several percent levels, 
resulting in salt structures. Transport occurs in the polymer subsystem. The counterions 
serve primarily to maintain electroneutrality. 
The poly(heteroaromatics) may assume the two bonding arrangement, benzenoid and 
quinoid,  in Scheme 5.9, (I) and (II), respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.9 Two possible bonding arrangements for poly(heteroaromatics). The 
benzenoid and quinoid  phases are given in the brackets of structures I and II, 
respectively 
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The carbon framework of the benzenoid phase resembles a polyacetylene (PA) in which 
there are four-carbon all trans units linked by a cis-like structure and is more stable than 
the quinoid phase, which has more cis-linkages [320]. The oxidation (or reduction) of the 
benzenoid poly(heteroaromatic) chain is accompanied by a structural transformation to 
the quinoid form and changes in its absorption spectra. Removal (or addition) of a single 
electron results in the formation of a p-type (n-type) radical ion (called a polaron) with 
the associated energy level diagram of Scheme 5.9. The quinoid phase possesses a lower 
ionization potential and higher electron affinity than the benzenoidal phase [206] so its 
HOMO and LUMO lie in the midgap region of the benzenoid phase. 
With the above understanding of the band structure and semiconductors model for CPs, 
the optical spectra can be interpreted in terms of function of doping levels. Scheme 5.10 
gives the schematic of the polaron energy level structure for a p-type doping, one can see 
that there are four optical transistions possible, in decreasing order of energy: 1) From the 
valence band to the conduction band (the characteristic π-π* transistion), hω1; 2) from 
valence band to the upper polaron level, hω3; 3) from the lower polaron level to the upper 
polaron level, hω4; 4) from the valence band to the lower polaron level, hω2 [177].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.10 Energy level diagram for benzenoid (Phase I) and quinoid (Phase II) for 
poly(heteroaromatics). The widths of the valence and conduction bands are arbitrary. See 
text for explanation of optical transitions hω1-4 
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The evolution of the energy level diagram as a function of doping for the heteroaromatic 
polymers will depend on a number of factors including the ease with which a particular 
ring achieves the quinoidal arrangement (a function of the nature of heteroatom (X) in as 
much as it affects the “aromaticity” of the various heteroaromatics); the degree to which 
the various X atoms contribute to the HOMO (not significantly different for tehvarios 
heteroatoms, to a first approximation) and LUMO (significantly different for various 
heteroatom) levels, in so far as the band gaps in the solid may be related to these 
molecular levels; steric effects which may inhibit adjacent rings in Phase II from 
achieving coplanarity. This last factor will decrease the mobility of bipolarons [177], 
which will be reflected in the electrical properties of the polymer.  
Poly(SNS) films: SNS could be electropolymerised with many different combinations of 
solvents and electrolyte over a range of applied potentials (or currents). Films are known 
to grow rapidly from propylene carbonate (PC) but also rapidly dissolved off the ITO 
electrode when the applied potential was removed. The films examined by UV-Vis 
spectrocopy shows λmax of the monomer (340 nm), several peaks at longer wavelength 
were observed. Of these, the strongest at 430 nm, close to π−π* transition observed for 
the neutral poly(SNS) films (477 nm). Poly(SNS) films could be reversibly be cycled 
between 1.8 V and 4.1 V vs Li+ [309]. 
Table 5.2 Electrical conductivities of poly(SXS) films (S cm-1) [309]. 
 
 
 
 
 
 
 
 
 
System Conductivity (S cm-1) 
SNS 280 
SMS 1 
SOS 0.3 
SSS 20 
Thiophene > 100 
Pyrrole >100 
Furan 80 
N-methyl pyrrole < 0.001 
Poly(SMS) films: Poly(SMS) films are known to grow readily from 0.1 M solution of the 
monomer in PC containing 0.5 M LiClO4. An applied potential of 2.2 V (vs. Li+) for one 
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minute produced a uniform green film. The methyl substituent on the pyrrole 
significantly changes several characteristics of the polymer. The as-grown films do not 
release any detectable soluble fractions upon rinsing or even after extended doping cycle. 
Poly(SMS) are less prone to cracking than similarly prepared poly(SNS) films and retain 
their colour and conductivity even after months of exposure to the atmosphere. Highly 
oxidised poly(SMS) are dark blue to grey black. Partially oxidised films are green and 
neutral ones are light yellow-orange. In situ absorption spectra for poly(SMS) films are 
known to be observed between 2.5 V and 4.1 V vs Li+. Like the other SXS polymers, the 
absorption due to the π−π* transition of the neutral polymer shifts to lower wavelength 
and decrease in intensity as the material is oxidised [309]. 
Direct Current (D.C) Electrical Conductivity of SXS films: The electrical conductivity 
of the SXS films reported in Table 5.2 is measured using four-probe conductivity 
method. The poly(SSS) films are within a factor of 5 compared to polythiophene. 
Poly(SNS) exhibits the highest conductivity of the alloys, whereas poly(SMS) is two 
orders of magnitude less conductive. This should be compared to the 5-6 order of 
magnitude difference [23] between comparably doped polypyrrole, N and poly(N-
methyl-pyrrole), N-CH3. Steric interactions between the methyl hydrogens and the 
adjacent rings in poly(N-methylpyrrole) prevent the ring from attaining planarity in the 
oxidized state. Evidently these constraints are relaxed to some degree in N-substituted 
thiophene-pyrrole-thiophene tri-ring monomers, for instance SMS polymer, where only 
every third ring has a methyl substituent on the nitrogen. Analogous steric problems are 
absent for poly(SOS), however, so its low conductivity may reflect a less ordered system. 
It is well known that the various heteroaromatics have different oxidation potentials and 
display a varying degree of aromaticity [330]. These differences are reflected in the ease 
and degree of polymerization of the monomers and electronic properties of the polymer. 
The band gap of the neutral homopolymers clearly varies with the heteroatom. The 
results on numerous studies on these and related systems show that the characteristics of 
the resultant polymers derive from a complicated interplay of solvents, electrolyte and 
monomer concentration in the growth medium and these vary with different monomers. 
Monomers that oxidize at high potentials, yielding radical ions, which are unstable, do 
not readily polymerize [314], preferring nucleophilic reactions with solvent or electrolyte. 
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Substrates that furnish very stable ion radicals may also be reluctant toward 
polymerization, affording soluble oligomer instead [315]. The nature of the heteroatom is 
one factor that must be considered. The two extreme views of poly(heteroaromatics) treat 
the heteroatom as either a minor perturbation to or as the determining factor in the π-
system. In the former, the heteroatom serves mostly to hold the carbon framework of a 
PA in rigid configuration and its nature contributes little to the transport properties of the 
materials [331]. The theoretical work by Mintmire et al. demonstrates that the dominant 
interactions occurs between the p-orbitals lone pairs electrons of the heteroatom and the 
π-band structure of the carbon backbone, with only minor effects on the σ-
structures.Calculations have shown that the band gap decreases linearly with the amount 
of the quinoid structure the polymer chain can assume upon doping [332], and the energy 
required to attain this configuration varies with the structure of the aromatic moiety (20.1, 
16.1 and 14.4 kcal/ mol per ring for benzene, thiophene and pyrrole, respectively).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.11 Energy level diagram for poly(SXS) systems in the same format as in figure 
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The qualitative picture of the energy level diagram for the various SXS polymers from 
the in situ doping and cyclic voltammetry is shown in Scheme 5.11 [309]. 
The heteroatom affords then an important degree of freedom in the design and control of 
the electronic and mechanical properties of the polymers. Futhermore, in as much as it 
contributes to the ease of oxidation of the heteroaromatics, the stability of the resultant 
ion radical and the charge/ spin distribution within this species, the nature of the 
heteroatom is an important determinant in the structures of the polymers obtained 
The band gap is taken as the zero crossing of the x-axis in the difference absorption 
spectra. The levels of the bipolaron states are taken as the maxima in lightly oxidized 
polymers. These shifts as the polymers are further oxidized. In order to compare one 
alloy to another, the electrochemical Epa is defines the HOMO (pr valence band) energy 
level. The indicated bandwidths are arbitrary. As the heteroatom composition is changed, 
significant differences in the band gaps, the ionization potential, and the symmetry of the 
placement of the mid-gap states is observed. 
Among these widely investigated system we observe that N-substitution on SNS have an 
effect on the oxidation potentials, for e.g. SMS is harder to oxidize by ca. 100 mV. The 
difference in hνmin between SNS and SMS monomers (0.24 eV) and the corresponding 
band gap difference for the polymers (0.18 eV) also show that methyl substituent affects 
these energy levels. The moderate conductivity of SMS suggests that quinoidal phase can 
still achieve coplanarity. 
5.3 Application of Conducting Polymers 
The extended π-systems of conjugated polymer are highly susceptible to chemical or 
electrochemical oxidation or reduction. These alter the electrical and optical properties of 
the polymer, and by controlling this oxidation and reduction, it is possible to precisely 
control these properties. It is even possible to switch from a conducting state to an 
insulating state. There are four main groups of applications for these polymers as shown 
in Scheme 5.12. 
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Scheme 5.12 Applications of conducting polymers in diverse fields [333] 
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CHAPTER 6 
 
Synthesis of Grafted Conjugated Polymers 
 
Electronically conducting polymers continue to be the focus of considerable research 
activity [277]. This situation arises not only as a result of their exciting application 
potential in a wide range of advanced technologies such as optoelectronics [278], 
molecular electronics [234], and bioelectronics [235], but also because these materials 
provide a demanding challenge to our understanding of charge transport processes [236]. 
Much interest has focused on pyrrole-based polymers because the substitution chemistry 
of the monomers is particularly versatile and their chemical or electrochemical 
polymerisation is generally facile in a range of solvents. 
This chapter is divided in two parts (Scheme 6.1).  
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Scheme 6.1 Schematic of study of grafted polymer films 
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6.1 Surface Polymerisation on Modified Oxide Substrates 
First we discuss the properties of the grafted conducting polymer, PPY, on the adhesion 
promoter modified oxide substrates. It was achieved both chemically and 
electrochemically. The second part focuses on the optical and electrical properties of the 
homopolmyers of the functionalised 2,5-dithienylpyrroles. The following sections 
describe these two different synthetic routes.  
 
6.1.1 Chemical Polymerisation 
 
A large number of conducting polymers can be synthesised via catalytic oxidation 
[289,337]. However, control over polymer morphology is extremely limited, purification 
can be problematic and processing is virtually impossible. However, a number of 
alternative synthetic routes have been developed, which involve soluble precursor 
polymers. 
CnPhP, ArP and SNSnP monomers were polymerised in solution using iron (III) chloride 
as oxidant. Dropwise addition of FeCl3 (2 mmol) in methanol (10 mL) to a solution of the 
monomer (1 mmol) in methanol (15 mL), resulted in immediate formation of a greenish 
black precipitate. The resulting mixture was stirred at room temperature for 24 hours for 
conversion of small oligomers to polymers. After 24h, solution was filtered and the 
precipitated polymer was washed with a copious amount of methanol to remove the 
oxidant. Alternatively, the oxidant was removed by soxhlet extraction using methanol as 
solvent. The resulting polymers were insoluble in any of the organic solvent except for 
Poly(ArP). Due to the limited solubility of the polymers in organic solvents further 
investigation could not be done. 
Freshly prepared Poly(ArP) is soluble in THF, chloroform and ethanol. The UV spectra 
of the soluble polymer indicate that the polymer is oxidised. During the polymerization, 
the resulting polymer is simultaneously oxidized and doped with the anions from the 
oxidant. The broad peak at 600-750 (2.21 –2.04 eV) nm is due to the polaron (radical 
cation) formed during the polymerisation process. 
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Fig. 6.1 UV-spectrum of Poly(ArP) in tetrahydrofuran (THF) 
 
6.1.2 Surface Polymerisation 
It has been demonstrated with a variety of systems that surface-modified monomers of 
conductive polymers can serve as nucleation sites for chemical or electrochemical growth 
of conducting polymers films. The involvement of such surface-modified monomers 
units in the polymers results in a strongly adhered, conductive polymer layer compared to 
what is achieved by spin coating or electropolymerization from bulk solution onto an 
unmodified surface. The functionalized adsorbed layer can also template the growth of 
conductive polymers, because the surface-modified monomers on substrates can change 
the interfacial environment. The resulting films will exhibit different morphologies and 
properties depending on the reaction condition. 
 
The Concept: Preparation of strongly adhering polymer film on metal surface is a two 
step-procedure (Scheme 6.2). 
1. Modification of the pre-treated metal oxide surface via adsorption of the adhesion 
promoter (C10PhP, C12PhP, SNSnP, SNSnTMS), and, 
2. Surface-induced polymerisation with an appropriate monomer (pyrrole in our case). 
Once the metal-oxide surface is successfully modified by the self-assembling adhesion 
promoter molecules, they act as substrates for grafting of conducting polymer layers.  
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Among the various oxidants used for surface polymerization e.g. FeCl3, (NH4)2S2O8, 
Na2S2O8 etc., sodium and ammonium peroxydisulphate proved to be most successful. 
The oxidation potential of peroxydisulphate is high enough to oxidize pyrrole. Oxidation 
occurs principally through the formation of the sulfate radical anion SO4-·. 
The pyrrole monomer starts polymerization with free terminal pyrrole group from the 
SAM, followed by the growth of the PPY on the surface. 
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The polymerization of pyrrole starts with the formation of a radical cation, which 
propagates further by combination of two radical- cation to form a bipyrrole. As the 
dimer is more easily oxidized than the monomer because of the increased stability of the 
formed radical cation, it is reoxidized to the cation and undergoes a further coupling with 
the monomeric radical cation. This process continues resulting in conjugated polypyrrole.   
The resulting PPY film has good adhesive property because the film grows with the 
bonded monolayer. Scheme 6.3 gives the pathway of polymerization of pyrrole. 
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Scheme 6.3 Mechanism of formation of polypyrrole [338] 
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6.1.2.1 Preparation of Samples for Surface Polymerization 
The dried modified substrates (with 1mM solution of adsorbate (CnPhP, ArP, SNSnP, n 
= 4, 6,10, 12; SNSnTMS, n= 6, 11 in ethanol for adsorption time of 1h) were subjected to 
surface polymerisation by chemical method. Pyrrole was chosen as the monomer. 
Different monomer to oxidant (sodium peroxodisulphate) ratios (0.17-0.25) was used in 
methanol/water mixtures (2:1). Adsorbed substrates were put into a solution containing 
appropriate amount of the oxidant and the monomer. The polymerisation was done for 1 
h, and the substrates were cleaned for 5 min with methanol and 5 min with distilled water 
in ultrasonic bath, to remove any oxidant from the surface. The samples were then dried 
under argon. 
 
6.2 Characterisation of the Polymer Film 
 
Conventional techniques for polymer characterization cannot be applied to conductive 
polymers, because the highly conjugated backbone causes insolubility of the polymer in 
all common solvents. Characterization methods are therefore restricted to surface 
techniques and the following methods have been used with varying degrees of success: 
 173
(i) electrochemical methods, particularly Cyclic Voltammetry (CV), (ii) Grazing-angle 
FTIR Spectroscopy, (iii) X-ray Photoelectron Spectroscopy (XPS), (iv) Scanning 
Electron Microscopy (SEM), (v) Atomic Force Microscopy (AFM), and (vi) four-point 
conductivity. The deposited polymer films were studied for their morphology, thickness, 
adhesion, homogeneity and uniformity, doping level and conductivity. The information 
obtainable from these surface techniques is discussed in the following sections. 
 
Table 6.1 Lists of methods and instrumentation used for polymer characterization. 
Method Instrumentation 
Atomic Force Microscopy (AFM) • Nanoscope Dimension 3100 
(Veeco/USA) 
• Operating in tapping mode with 
triangular-shaped, Aluminum-
coated Si3N4 microlevers 
Cyclic Voltammetry,  
Chronopotentiometry 
• Solarton 1284 potentiostat and    
            Corrware® software 
Scanning Electron Microscopy (SEM) • Gemini Electron Microscope, 
Zwiess, Germany 
Four-point Conductivity Measurement 
(Load = 85 g; spacing between the tips = 
0.05”; Radius of the tip = 0.004”) 
• Keithley 2400 source measure unit 
to supply voltage and measure 
current. 
• A semi-automatic wafer prober 
with tungsten tips to make the 
contacts 
Electrochemical Impedance Spectroscopy 
(EIS) 
• Zahner electric IM5d impedance 
instrument. 
• A Ti disc electrode (A= 0.125 cm2) 
sealed in epoxy resin served as the 
working electrode and Pt plate as 
the counter electrode 
• AC amplitude of –1.4 - 0.3 V was 
applied in the frequency range of 
100 KHz to 0.1 Hz using 10 points 
per decade 
Electroluminescence (EL) • Home–made spectrofluorometer 
with single photon-counting 
detection (SPEX, RCA C31034 
photomultiplier) 
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The morphology and thickness of the polymer films were investigated by Atomic Force 
Microscopy. The AFM images of the PPY film surface show the same fine structure on 
nanometer level for all PPY films. The film consists of small spherical or globular grains 
forming spherical granulates of various sizes. This kind of nodular structure is common 
for PPY and has been reported [339]. The polymer layers are homogeneous, dense and 
uniform.  
The thickness of the deposited polymer was determined by AFM using the scratch test. 
Thickness of the polymer layers was measured by tapping-mode AFM by determining the 
difference between the coated and uncoated metal surface (Fig. 6.3). The growth of PPY 
in the investigated range of thickness is island-like, which is in good agreement with 
studies by Everson et al. [340]. 
 
                         
 
 
 
 
 
 
 
                                     
Fig. 6.2   (a) AFM image of the chemically surface polymerised substrates  
                     (Ta/C10PhP/PPY) 
                (b) Thickness measurements by AFM 
                  (a)                                                                                   (b)
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This structure is one of the typical topographies of conjugated polymer film surfaces, 
which has also been observed in the electrodeposited polymer film [341-343]. The root 
mean square roughness of the film in Fig. 6.2 was measured to be 5.3 nm as determined 
from  
          
                                     Equation 6.1 
                   
 
rms = [1/N ΣΖi2]1/2 
N 
i=1 
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Where N is the number of data points and Zi is the distance from the mean surface level. 
The reported surface roughness for electrochemically deposited PPY ranges from 6.7 to 
12 nm [148]. The results show that the roughness of the PPY film is lower than that 
obtained by electrochemical means. 
Thickness of the polymer film increases with increase in pyrrole to oxidant ratios making 
it possible to prepare polymer layers of desired thickness. By varying pyrrole/oxidant 
ratio polymer layer thickness could be adjusted between 20-100 nm (Fig. 6.3). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3 Thickness measurements by AFM of polymer layers (Ta/C10PhP/PPY) 
using different pyrrole/oxidant ratios 
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Similar results were obtained for SNSnP derivatives on Ti with thickness of the polymer 
in the range of 50-300 nm (Fig. 6.4). Thicker PPY films were obtained at a higher 
monomer concentration of 0.05 M and by varying monomer to oxidant ratio from 0.17 to 
0.25. The morphology of the polymer is same in all the cases. The roughness increases 
with the increase in the monomer to oxidant ratio from 0.17 to 0.25. This is obvious 
because the thickness of the polymer film increases and hence the roughness. The 
thickness depends on the solvent, oxidant, monomer, monomer-oxidant ratio and time of 
polymerization. 
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Fig. 6.4 Variation of PPY thickness with monomer to oxidation ratio, at constant pyrrole 
concentration of 0.05M  (Ti/SNS12P/PPY) 
 
AFM shows the typical morphology of the polypyrrole films (Fig. 6.5). 
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Fig. 6.5 AFM images of Ti/ SNS10P/ PPY system with different pyrrole/oxidant ratios 
(a) 0.20 and (b) 0.22 
 
Polymer structure and morphology are greatly affected by synthetic conditions [21], such 
as substrate, solvent, oxidant, time of polymerization, oxidant/monomer ratio, monomer 
etc for chemical surface polymerization. Although a quantitative measure of these effects 
has not been established, some general observations have been made. Thin films 
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generally appear smooth, while thicker samples have a much more uneven textured 
surface [344]. 
Fig 6.6 show the SEM images of the grafted polymer film on magnified surfaces using 
different adhesion promoters. We did not observe any dependence of polymer 
morphology on the head group, chain length and the anchoring group of the adhesion 
promoter. The polymer films are homogeneous and uniform. SEM shows the typical 
cauliflower type morphology of PPY film. The results are in consistence with AFM 
results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(d)
(b)
(c) 
(a) 
Fig. 6.6 SEM images- Surface chemical polymerisation of (a) Ti/C12PhP/PPY (x 20000) 
(b) Ti/SNS12P/PPY (x 20000) (c) Si/SNS11TMS/PPY (x 30000) (d) Ti/ArP/PPY (x 
30000) 
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The grafted polymer films have a good adhesion. The results of the tape test shows that 
the PPY deposited on the unmodified part is easily peeled-off from the oxide substrate 
whereas the film is strongly adhesive on the treated part. Following are pictures of some 
of the samples with a strongly adhesive polymer layer (Fig. 6.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.7 Tape Test (left image) and effect of pyrrole/oxidant ratio on film thickness on 
Ti/TiO2/SNSnP/PPY (colour changes to bluish black with increasing ratio a to d)  
a b c d
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film 
Uncoated  
surface 
 
The chemically grafted polypyrrole film of thickness ~ 20 nm (determined by AFM) was 
studied by grazing angle FT-IR spectroscopy to confirm its presence. The film was 
uniform and the surface was highly reflective to be investigated by this method. 
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Fig. 6.8 Grazing-angle FTIR spectrum of polypyrrole deposited on modified Ti surface 
by chemical polymerisation (Ti/ SNS12P/ PPY) 
 
In the spectrum (Fig. 6.8) the baseline was corrected as a multiple point level. The peak 
observed at 1565 cm−1 is due to five-membered ring stretching and free C−N stretching 
vibrations. The band at 1485 cm−1 is attributed to conjugated C−N stretching vibration. 
The peak at 1718 cm-1 is due to overoxidation of the monomer. This process can be very 
well understood from the mechanism of polypyrrole formation (Scheme 6.4). The broad 
band at 3450-3400 cm−1 is due to hydrogen bonded N−H stretching vibration. The peaks 
at 2925 and 2851 cm−1 originate from five-membered ring C−H stretching vibration. C−H 
wagging vibration was observed at 1075 and 783 cm−1.  
 
 
 
 
 
 
 
 
Scheme 6.4 Overoxidation of polypyrrole 
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The overoxidation peak in FTIR spectrum was also accounted by XPS. Fig. 6.9 shows the 
survey spectrum of PPY film deposited on modified Ti/TiO2 surface. The presence of 
sulphur is due to the oxidant, sodium peroxodisulphate used during the polymerisation. 
The investigation of single peak spectrum of C1s revealed the presence of peaks at 
binding energy of 287.07 and 289.07 eV, which are attributed to C-O and C=O bonds 
respectively (See Fig. 6.11). 
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Fig. 6.9 Survey spectrum of PPY on modified Ti/TiO2 oxide substrate 
 
Similar observations were made in PPY film prepared electrochemically on modified 
ITO in acetonitrile using LiBF4 as the solvent-electrolyte system. The structural and 
doping characteristics were investigated by XPS. 
Fig 6.10 shows the survey spectrum of PPY on ITO. The spectrum consists of 5 peaks, 
C1s around 285 eV, N1s at 400 eV, O1s at 530 eV, F1s at 680 eV and B1s at 199.8 eV. 
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The single peak spectrum of C1s was fitted with three components at 283.6, 284.7 and 
286.6 eV (Fig 6.11). The lowest peak is due to β-carbons (C-C) in the pyrrole ring [345]. 
Peak at 284.7 eV is attributed to the α-carbons (C-N) in the pyrrole ring [346]. The high-
energy peak is due to C-O and C=O bonds in the polymer chain [345]. 
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Fig. 6.10 Survey spectrum of ITO/SNS10P/PPY 
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Fig. 6.11 Single peak spectra of C1s and N1s in polypyrrole film deposited on modified 
ITO 
 
The N1s peaks reveal the presence of three chemically different nitrogen (Fig. 6.11). The 
stronger peak at 399.7 and 400.9 eV can be assigned to the neutral amine nitrogen, -NH-. 
The high-energy peak at 402.4 eV is due to oxidised –N+– moieties in PPY. This showed 
that the polymer is present in the oxidised state.  
The doping level is a measure of to what degree the polymer is oxidized or reduced. The 
electrically conducting form is obtained when the polymer is doped. The electrical 
conductivity is strongly dependent upon the polymer’s doping level and the dopant ion. It 
is an important characteristic describing a polymer film. Polymers may be doped either 
chemically or electrochemically. The doping level is normally higher for 
electrochemically-doped polymers than for chemically doped polymers. With chemical 
doping, electron acceptors (p-doping) need to be added to the solution in order to make 
the doping reaction take place. Some examples are oxygen, I2 and arsenic pentafluoride. 
A polymer can be doped electrochemically by simply applying an appropriate potential 
across the film in the presence of counterions. 
 Btotal/Ntotal represents the number of BF4- anions per pyrrole monomer incorporated into 
the polymer chain. It equals the doping level for the polymer. We calculated the doping 
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level for the polymer film from the atomic ratios, and it was found to be 32%. This is in 
good agreement with the literature values, 30-40% [339,347].  
The conductivity of the PPY film deposited on the modified ITO substrate was 
determined by four-point conductivity method. It was found to be 0.13 S/cm for a 
polymer film of thickness 448 nm. The high conductivity value agrees well with a doping 
level of 32% for the polypyrrole film doped with LiBF4. 
6.3 Electrochemical Polymerisation 
Electrochemical synthesis of conducting polymers offers many advantages over chemical 
synthesis, including the in-situ deposition of the polymer at the electrode surface, and, 
hence, eliminating processibility problems and the control of the thickness, morphology 
and degree of polymer doping by the quantity of charge passed. 
In addition, the polymers are simultaneously oxidised to their doped conducting forms 
during polymer growth. Electropolymerisation is achieved by the electro-oxidation of the 
heterocycle in an inert organic solvent containing supporting electrolyte [348].  
Conjugated oligomers are oxidised at less positive potentials than their corresponding 
monomers, polymer oxidation occurs concurrently with electrodeposition. Typically, one 
electron is removed from the polymeric backbone for every three-four monomer units to 
form polar structures, responsible for inherent conductivity. Anions, termed 'dopants', are 
thus incorporated into the film to maintain electroneutrality. The type of counterion used 
can greatly affect the conductivity of the film [349]. For example, for equal degrees of 
tetrafluoroborate doping, polypyrrole typically has conductivities in the range of 30-100 
S/cm, whereas with perchlorate anions, enhanced conductivities of 60-200 S/cm can be 
achieved [23]. It is generally assumed that polymer growth occurs via a nucleation 
process similar to that of metal deposition.  
The nature of the working electrode also plays an important role in the synthesis of 
polypyrrole. It is important that the working electrode does not oxidize with the 
monomer. For this reason, polypyrrole was synthesized using an inert platinum or gold 
electrode. Polypyrrole has been synthesized on various substrates for specific 
applications. Pt wire is preferred for purely electrochemical characterization. For 
preparation of freestanding films, graphite, special materials (e.g. basal-plane or pyrolytic 
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graphite, or glaassy carbon) may be preferred. Stainless steel [350], and aluminum [351] 
electrodes have been used for corrosion studies, and n-Si is also successful for 
semiconductor application [352]. 
6.3.1 Derivatised Conducting Polymers 
Derivatisation provides one of the best methods of achieving molecular level control of 
structure and electronic and electrochemical properties of conductive polymers [353-
355]. This was originally achieved through the use of dimers [319], trimers [187,319] and 
tetramers [250] of thiophene and pyrrole which were found to undergo 
electropolymerisation to produce electroactive films with modified properties to those of 
the parent monomer. For example, poly(bithiophene) and poly(terthiophene) are usually 
obtained as powdery deposits rather than homogeneous films, showing lower 
conductivities (approx. 3-0.02 S cm-1, in the case of poly(bithiophene)) than typically 
observed for polythiophene [319]. This is reflected in the electronic absorption spectra, 
which show a hypsochromic shift in the absorption maximum, suggesting a decrease in 
the mean free conjugation length of the polymer. Thus, electropolymerisation of 
monomers and oligomers does not produce the same polymer as might be expected. 
6.3.2 Characterization of Electrochemically Deposited Polymer 
Electrochemical methods are extremely useful for the characterisation of conducting 
polymers, as well as being an attractive technique for their electrosynthesis. Cyclic 
voltammetry (CV) is a simple and valuable technique for the study of electroactive 
polymers [356-357]. Both qualitative and quantitative data may be obtained and the 
technique finds particular use in preliminary studies of new systems. Cyclic voltammetry 
shows the potentials at which oxidation and reduction processes occur, the potential 
range over which the solvent is stable and the degree of reversibility of the electrode 
reaction. Cyclic voltammetry of electroactive polymers can be complex, showing a 
dependence on the nature of the dopant anion. Electroactive films can be repeatedly 
cycled between neutral and p-doped forms in a non-aqueous electrolyte, with no change 
in the shape of the voltammogram [358]. However, if the potential is scanned to far in an 
anodic direction, poorly defined irreversible peaks develop, corresponding to a loss in 
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redox reversibility of the film. The chemical processes involved in redox cycling are 
complicated.  
Electrochemical Impedance Spectroscopy is a power tool for examining many chemical 
and physical processes in solutions as well as solids. For the solution phase 
electrochemistry a complex sequence of coupled processes such as electron transfer, mass 
transport and chemical reaction can all control or influence the output from an 
electrochemical measurement. The main advantage of EIS is that we can use purely 
electronic models to represent an electrochemical cell. An electrode interface undergoing 
an electrochemical reaction is typically analogous to an electronic circuit consisting of a 
specific combination of resistors and capacitors. For this reason, EIS can be used to study 
the properties of the conducting polymer films and the adsorption process of the adhesion 
promoter on electrode. Scheme 6.5 shows the experimental- setup for EIS measurement.  
 
Electrolyte 
solution 
Polymer film 
Working electrode
 Counter 
Electrode (Pt)
Potentiostat
(SCE)
Reference
electrode 
Electrochemical cell 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.5 Setup for EIS measurement 
In an EIS measurement, the specimen is subjected to an AC potential over a range of 
frequencies, and the phase (with respect to the applied potential) and amplitude of the 
current are measured at each frequency.  In many materials, especially those, which are 
not generally regarded as conductors of electricity, the impedance varies as the frequency 
of the applied voltage changes, due to the properties of the liquid or solid. This may be 
due to the physical structure of the material, to chemical processes within it, or to a 
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combination of both. Thus, if a measurement of impedance over a frequency range is 
made, and the results plotted on suitable axes, it is possible to relate the results to the 
physical and chemical properties of the material. In order to interpret the EIS results, an 
equivalent circuit approximates the impedance response of a specimen. The components 
of the circuit have a physical correspondence to components of the specimen. The 
impedance response can be approximated by an equivalent circuit composed of resistors, 
R and capacitors, C. However, for a polymer film grafted on the electrode, there is a more 
complex system. The circuit diagram is different with a combination of capacitors and 
resistors.  
We have used EIS to investigate the presence of the adsorbed layer on the metal 
electrode. To deposit a strongly adhesive film, the Ta working electrode was modified by 
adsorption with 2 mM solution of SNS10P for 1 h. Before attempting 
electropolymerisation on the modified metal electrodes, they were investigated for the 
adsorption of these derivatives on the respective surfaces by EIS measurements. Through 
the EIS measurement, the double layer resistance and capacitance could be determined 
after fitting the equivalent model. Fig. 6.12 showed that the resistance increases and 
capacitance decreases after the electrode was modified by SNS6P and SNS10P.   
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Fig. 6.12 Bode Plot for modified Ta electrode with SNS6P and SNS10P, and blank Ta 
electrode 
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The blank Ta electrode has a capacitance of 2.9 µF and adsorbed Ta electrode exhibit a 
capacitance of 928 µF.  Such behaviour can be attributed to the presence of insulating 
alkyl chains on the electrode, which can block the electrode. The chain length of the 
derivatives does not influence capacitance. 
The change in the capacitance in EIS measurement confirmed the presence of the 
adsorbed layer.  The modified electrodes were then used for grafting the PPY film.  
0.1 M pyrrole solution in anhydrous acetonitrile containing 0.1M LiBF4 was used for 
electropolymerisation by chronopotentiometry at 1.5 mA/cm2 (Fig. 6.13). As the 
polymerization proceeds the potential increases and reaches to constant value of 
approximately 1.05 VSCE resulting in the growth of the polymer film on the Ta electrode. 
A strongly adhesive polypyrrole film can also be prepared on modified Ta by 
electropolymerisation. The adhesion was tested with a scotch-tape test. The polymer 
deposited on the unmodified electrode was peeled-off immediately unlike the modified 
electrode where it was strongly bonded.  
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Fig. 6.13 Polymerisation of 0.1 M pyrrole in 0.1M LiBF4 on modified Ta electrodes 
(adsorbed with 2 mM solution of SNS10P for 1 h) using chronopotentiometry 
 
The thickness of the PPY film was 1.87 µm. It was estimated by measuring the charge 
passed with the assumption that 24 mC / cm2 charge yield 0.1mm film [359]. 
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The electrochemical switching of PPY between the doped and undoped states involves 
electron and ion transport within the film. If the polymer is reduced at very negative 
potentials, the PPY is expected to behave like a semiconductor. Fig. 6.14 shows the 
typical impedance plots of PPY. The spectra were obtained in the potential range of 0.3 
to –1.4 VSCE.   
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Fig. 6.14 Bode plot for PPY (0.1 M LiBF4 in acetonitrile) at different potentials (a) 
modulus of impedance (b) phase shift (solid lines are the fit to the points) 
 
The curves were then analysed using a model introduced by Albery et al. [360]. It 
describes the electronic and ionic conduction through the polymer (Fig. 6.15). The model 
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is depicted as the equivalent circuit diagram (Fig. 6.15).  It includes resistance and 
capacitance contribution from the electrode-polymer interface, RSC and CSC; the 
resistance Re and Ri describe the movement of the electrons in the polymer chains and of 
ions in the solution, respectively and the corresponding capacitance. The capacitance Ce 
arises from the oxidation and the reduction of the polymer backbone.  
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Fig. 6.15 Equivalent circuit diagram with charge transfer resistance, Rsc at the electrode 
polymer interface 
 
Fig. 6.16 shows the high frequency resistance and high frequency capacitance of PPY 
film in dependence on the potential. The value of resistance increases with decreasing 
potential as expected because of the reduction of the polymer chain. In the same way the 
values of capacitance decreased from 6.27 mF at 0.3 V to115 nF at –1.4 V. These small 
values correspond to the semiconductor capacitance. 
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To confirm the semiconducting behaviour of the film, inverse of square of capacitance 
was plotted against the potential in a Mott- Schottky diagram (Fig. 6.17).  
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Fig. 6.17 Mott Schottky plot of PPY (LiBF4) in the reduced state 
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The plot shows linear relationship in the potential range –1.4 to - 0.6 VSCE, implying that 
the polymer has semiconductor properties. The small counter ion is easily released from 
the polymer matrix during the reduction process; therefore a semiconducting layer of the 
polymer film was obtained. The intercept of the straight line on the x-axis gives the flat 
band potential of –0.62 VSCE for PPY. The negative slope for the Mott-Schottky plot 
corresponds to p-type conductivity of the polypyrrole films. 
After the investigation of electrical properties of the electrochemically deposited PPY on 
modified Ta electrode, they were studied for their morphology by SEM. We can clearly 
see the morphological differences in the SEM image (Fig. 6.18). PPY deposited on the 
modified substrates are denser and less porous compared to the one deposited on 
untreated electrode.  
 
 
 
 
 
 
 
 
 
 
 
(b)(a) 
Fig. 6.18 SEM images of electrochemically deposited PPY films (a) on modified Ta 
electrode (x 20000) (b) on unmodified electrode (x 20000) 
6.4 Characterization of Homopolymers of SNS and SNSnP Derivatives 
Another set of studies includes the electropolymerisation of 2,5-dithienylpyrrole, referred 
as SNS future references.  Poly(SNS) has been reported to be soluble in most organic 
solvents [177,189]. We present here an electrochemical study of the oxidation-
polymerisation. Poly(SNS) solubility can be controlled under electrochemical conditions. 
The electrogenerated polymer prepared in 0.1 M LiBF4 in acetonitrile is insoluble in the 
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oxidised state in electrolyte solution. It is soluble in the reduced state. This means that the 
polymer can be synthesised by electrochemical oxidation of the monomer, and 
solubilised under electrochemical reduction of the oxidized polymer. 
10 mM solution of SNS in 0.1 M LiBF4 in acetonitrile as background electrolyte was 
studied. The electrochemical polymerisation was performed in a three-electrode cell. 
Platinum sheet of 1mm2 was taken as the counter electrode and a platinum wire was 
employed as the working electrode. Saturated Ag/AgCl with 0.1 M LiBF4 in acetonitrile 
in external junction was used as the reference electrode.  
The electrochemical oxidation of the SNS was studied by cyclic voltammetry. During the 
deposition of poly(SNS) on ITO (as working electrode) it was observed that the polymer 
was deposited as blue-black film when positive potential was applied and changes to 
orange-brown when reduced. In the reduced state the polymer is leaching away from the 
electrode. The deposition of thick films of poly(SNS) on ITO is limited due to the 
solubility of the polymer in the reduced form. The oxidised form is also partially soluble 
due to the oligomer formation of low molar mass. The oxidised film was reduced by 
applying a negative potential of 200 mV. During the reduction of the oxidised film, there 
occurs dissolution of the oxidised poly(SNS), the colour changes from bluish- black to 
orange-brown and there is formation of yellow-green fluorescent cloud around the 
electrode. The homopolymer films show fluorescence under the UV-Vis lamp at 254 nm 
and 365 nm.  
The electrogenerated polymer, poly(SNS) was studied in solution by UV-Vis 
spectroscopy (Fig. 6.19). Fig. 6.19 shows the spectra obtained from (a) SNS in 0.1 M 
LiBF4 in acetonitrile solution, (b) electrochemically reduced (at –200 mV cm-2) and (c) 
dissolved poly(SNS) in 0.1 M LiBF4 in acetonitrile solution (a just formed polymerised 
oxidised coating was dissolved in acetonitrile and immediately recorded) and, (d) the 
same solution as in (c) recorded after 30 minutes. The monomer presents an absorption 
band, which has a maximum at 344 nm (3.85 eV), which can be attributed to the π−π* 
transition. Both solutions containing the electrochemically reduced polymer or the 
oxidised polymer present the same absorption band and a new band at 420 nm (3.15 eV). 
The oxidised polymer presents one band at 692 nm (1.91 eV) and one small shoulder at 
620 nm (2.14 eV) (Fig. 6.19). These bands and shoulders are related to the oxidised state, 
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and are attributed to the presence of radical-cation (polaron) and dications (bipolarons) 
along the polymeric chain. The presence of these bands decreases with time, indicating 
self-reduction of the polymer in solution [327]. 
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 Fig. 6.19 UV-Vis spectra of electrochemically produced Poly(SNS) in solution 
 
Homopolymerisation of SNSnP was carried out on ITO as the working electrodes, using 
10 mM solution of the respective derivatives in 0.1 M LiBF4 in ethanol as background 
electrolyte by cyclic voltammetry. Ethanol was chosen as the solvent due to the limited 
solubility of the monomer in other aprotic solvents like acetonitrile and chloroform. 
These monomer solutions also show fluorescence under the UV-lamp. 
Deposition of the functionalised SNSnP derivatives was achieved without any dissolution 
of the polymer into the electrolyte solution. Films obtained were good adherent to the 
electrode unlike the underivatised monomer, SNS. It was observed that the rate of 
deposition or the ease of deposition of the monomers decreases with increasing chain 
length, resulting in lower thickness of the poly(SNS10P) and poly(SNS12P) under similar 
conditions.  
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The optical properties of the homopolymers of SNSnP were studied using UV-Vis 
spectroscopy. The spectrum shows typical optical transitions of the polymer in the 
oxidised state. The peak at ~ 320 nm (4.11 eV) is from the π−π* transition of the 
conjugated polymer main chain, which is equal to the band gap of the polymer, and the 
broad band at 600-650 nm (2.21-2.04 eV) is due to the presence of the polaron. The 
deposited film appeared to be doped during the electrochemical deposition process (Fig. 
6.20). The high absorbance for Poly(SNS6P) and Poly(SNS4P) was due to the thicker 
polymer films obtained during electropolymerisation. 
 
A
bs
or
ba
nc
e 
[a
.u
.]
Poly(SNS4P)
Poly(SNS6P)
 Poly(SNS10P)
 Poly(SNS12P)
 Poly(ArP)
676
383
1.0
1000800600400
π−π* transistion
Polaron Band
Polaron Band
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
1000800600
Wavelength [nm]
400
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.20 UV-Vis spectra of homopolymers of Poly(SNSnP) electrochemically deposited 
on ITO 
 
The use of SNSnP as adhesion promoter for deposition of Poly(SNS) was not successful 
because of the inherent soluble property of Poly(SNS) in the reduced state. The polymer 
in the oxidised state also leaches from the electrode because of low molecular weight 
oligomers formed during the deposition. 
The electropolymerised homopolymer films of SNSnP on ITO were investigated for the 
structural identity by grazing-angle FTIR spectroscopy (Fig. 6.21). We can see the 
asymmetric and symmetric methylene peaks at 2928 and 2854 cm-1.  The peak at around 
1111 cm-1 can be assigned to the free P-OH. 
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Fig. 6.21 Grazing-angle FTIR of the homopolymer, Poly(SNS10P) on ITO 
 
This indicated that the polymer is growing with phosphonic acid group standing free on 
the top. The results were further analysed using XPS, which is a more sensitive tool and 
can ensure the respective states of bonding of P-OH and P=O in the polymer film. 
The homopolymer films of SNSnP prepared electrochemically as mentioned before were 
investigated for its structural characterisation and doping level. 
Fig. 6.22 shows the survey spectrum of the poly (SNS10P). We can see the presence of 
C1s, O1s, N1s, P2p, S2p, and F1s around 285, 530.2, 400.3, 133.7, 164.15 and 680 eV, 
respectively. F1s peak can be accounted by the presence of dopant anion, BF4-. Low 
content of boron in the polymer film limited its detection by XPS. Fluorine content was 
also detected in the blank ITO substrate so it is difficult to calculate the doping percent in 
case of the homopolymers. 
 Fig. 6.23 show the single peak spectra of C1s and N1s from poly(ArP) film. The N+/Ntotal 
ratio describes the positive charge accumulated in the polymer chain. We see the 
presence 29% of  –N+– compared to –NH. 
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Fig. 6.22 Survey spectrum of Poly(ArP) on ITO 
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Fig. 6.24 show the single peak spectra for C1s, N1s, P2p and O1s for SNS10P adsorbed 
on Ti/TiO2 and homopolymer film of Poly(SNS10P) on ITO.  
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Fig. 6.24 Single peak spectra for N1s, O1s, C1s and P2p for poly(SNS10P) on ITO and 
adsorbed SNS10P on Ti/TiO2 
 
The XPS results confirms the presence of free P-OH and P=O group in the polymer film 
(Fig. 6.24 and Table 6.2). 
We can see from these spectra that there is no change in the binding energy of C1s, N1s 
and P2p for the adsorbed sample and the polymer film. The peaks overlap each other.  
The O1s peak is attributed to P-OH and P=O bonds. When P-OH is present in the bonded 
state as in the adsorbed sample, there is a decrease in the binding energy. This can be 
explained by the loss of proton from P-OH during the interaction with metal oxide 
substrate. The binding energy of the P-OH bond in the polymer film is the same range as 
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that of the bulk monomer (Table 6.2). The O1s spectrum also shows the shift of the peak 
towards higher value of binding energy compared to the adsorbed sample. Also, the 
energy of the adsorbed P=O bond should increase upon bond formation, because there is 
a cleavage of the double bond, which decreases the electron density around oxygen 
(Table 6.2). This can be envisaged as the presence of free P-OH and P=O group in the 
polymer. 
Table 6.2 Binding energy of adsorbed SNS10P on Ti/TiO2 and homopolymer, 
Poly(SNS10P) on ITO. 
 
Sample C1s O1s O1s N1s P2p 
Assignments -C-C- P-OH P=O -C-N -C-P 
EB,bulk [eV] 285.0 533.45 531.8 400.49 133.37 
EB, adsorbed [eV] 285.0 530.42 532.20 400.33 133.54 
EB, polymer [eV] 285.0 533.05 531.6 400.3 133.75 
 
The results correlate well with grazing angle incidence spectroscopy and can be 
speculated as in Scheme 6.6. The polymer film has a thickness of ~ 320 nm. It is not 
possible with XPS to investigate the mode of bonding of the monomer after 
polymerisation on the ITO substrate. There are three possibilities of formation of the 
polymer film: (a) the polymer deposit on ITO without the interaction of phosphonic acid 
groups, (b) spontaneous and fast adsorption of the monomer (phosphonic acid binds to 
the free hydroxyl groups on the ITO) followed by growth of the polymer film from the 
adsorbed layer and, (c) combination of both (a) and (b) (Scheme 6.6). In any of the three 
cases, we can speculate the presence of free phosphonic acid group on the top of the 
polymer film. This may find application for ion sensor because phosphonic acid can form 
a complex with bivalent ions e.g. Mg2+ etc. Such detection can be followed by 
Electrochemical Quartz Crystal Microbalance (EQCM) or by conductometry. Further 
investigation has to be done for the development of such a sensor and need to be studied 
for optimisation. 
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Scheme 6.6 Homopolymerisation of Poly(SNSnP) on substrate (ITO) 
 
The monomers SNS, SNSnP and ArP are redox active (as seen in chapter 3, cyclic 
voltammmetry for determination of oxidation potential). They oxidise and reduce on 
application of potential and could be successfully polymerised. Investigation of the 
optical properties on the transparent ITO electrode showed the presence of polaron bands. 
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Therefore, we studied its electrical properties using electrochemical impedance 
spectroscopy and four-point conductivity. 
The homopolymers were deposited on mechanically cleaned Ti electrode by repeated 
cycling using cyclic voltammetry. 5mM solution of the respective monomers in 0.1 M 
LiBF4 in ethanol was used. AC amplitude of 0.2 V was applied in the frequency range of 
100 KHz to 0.1 Hz using 10 points per decade.  
0.1 1 10 100 1000 10000 100000
0
10
20
30
40
50
Im
pe
da
nc
e 
[k
oh
m
]
Phase, [°]
Frequency [Hz]
 Poly(SNS)
 Poly(ArP)
0
20
40
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.25 Bode Plot for Poly(ArP) and Poly(SNS) deposited electrochemically on  Ti 
electrode 
 
The Bode plots from the homopolymers at 0.2 V indicate high resistance Poly(ArP) 
compared to Poly(SNS). The impedance for the monomer, ArP, with a benzyl group is in 
kiloohms, approximately 4.5 times of the underivatised 2,5-dithienylpyrrole. The increase 
of impedance in case of ArP can be speculated in terms of hindrance to the coplanarity of 
the conjugated system due to the bulky substituent.  
The homopolymers were studied for its conducting properties by four-point conductivity 
method. The electrodes for conductivity measurements were prepared by partly etching 
ITO. The ITO substrate exhibited dimensions of 1 × 4 cm2. It was etched with a solution 
of 0.1 M FeCl3 in 3 M HCl at 50ºC. Before etching, the two-third part of the ITO 
substrate was covered with a tape and the rest was dipped in the solution for 5 minutes. 
Afterwards the substrate was rinsed with H2O + NaHCO3 solution and finally rinsed with 
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deionized water. A schematic diagram of sample for resistance measurement is shown in 
Scheme 6.7. 
ITOPoly(SNSnP)    AgGlass 
Etched portionNon-etched portion
Ag electrodes ITO electrode 
Polymer coating Glass 
(b) 
(a) 
 
 
 
 
 
 
 
 
 
Scheme 6.7 Schematic diagram of sample for resistance measurement (a) Top view  
(b) Lateral view 
 
1 mm of the part of the substrate with ITO coating was covered with a tape before 
electrochemical deposition of the polymer by cyclic voltammetry. A three-electrode cell 
compartment was used. ITO as the working electrode, Pt sheet as counter electrode and 
saturated Ag/ AgCl as the reference electrode with 0.1 M solution of LiBF4 in ethanol 
were used. 50 cycles were made for deposition of homopolymer, Poly(SNSnP) at a scan 
rate of 100 mV/s in the potential range of 0.15 - 1.1 V. The more positive initial potential 
was taken in order to have the polymer in the oxidized state. The electrodes were rinsed 
with acetonitrile in order to remove the electrolyte from the surface. The films looked 
very homogeneous under the light microscope. They were dried under argon. Silver 
coating was made on half of the film-coated substrate and the etched glass part using 
silver paint. The sample was kept at 150ºC for 5 minutes. The uncovered ITO substrate 
and the silver coated part act as electrodes for resistance measurements.  
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Table. 6.3 Conductivity of Poly(SNSnP) using four-point conductivity method. 
 
Polymer 
Thickness of the 
polymer film (nm) 
Conductivity (S cm-1) 
Poly(SNS4P) 1681 2.2 x 10-4  
Poly(SNS6P) 998 1.11 x 10-4 
Poly(SNS10P) 433 1.09 x 10-5 
Poly(SNS12P) 3303 1.89 x 10-4 
Poly(ArP) 1183 3.38 x 10-4 
Poly(SNS) 1315 0.04 
 
The conductivity values in Table 6.3 are in accordance with electrochemical impedance 
measurements. Substitution at N-position in 2,5-dithienylpyrrole has a detrimental effect 
on the conductivity of the corresponding homopolymer. This is perhaps, due to the long 
insulating alkyl chains, which block the interchain hopping of electrons. Introduction of a 
substitutent hinders the coplanarity of 2,5-dithienylpyrrole, and hence, the conductivity. 
The conductivity values in Table 6.3 are in the reported range for substituted 2,5-
dithienyl derivatives. Conductivity can be improved by a suitable choice of the solvent-
electrolyte system used for electropolymerisation. 
The homopolymers were studied for their electroluminescence properties. The 
hompolymers of SNS6P and SNS10P were deposited electrochemically by CV on the 
transparent patterned ITO substrates. Polymer LEDs with a hole-injecting indium-tin 
oxide (ITO) electrode and an electron-injecting aluminium electrode were prepared. 60-
80 nm thick top aluminium (Al) electrodes were vacuum-evaporated on the top of 
polymer films to form LED devices* (Fig. 6.26). If the voltage is applied across the 
electrodes holes and electrons are injected from the electrodes in the respective layers, 
which upon recombination emit energy in the form of light.  
LEDs were supplied from a Keithley 237 source measure unit, which served for the 
simultaneous recording of the current flowing through the sample. The LED 
characteristics were measured in a vacuum chamber. 
                                                 
* LED preparation and measurements were performed in the Institute of Macromolecular Chemistry of the Academy of       
  Sciences of the Czech Republic (Dr. Vera Cimrová). 
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The first results from Poly (SNSnP), n = 6, 10 films show that they give white emission. 
EL spectra show broad bands, which cover the entire spectrum (Fig. 6.26). The film 
thickness of Poly(SNS6P) is 353 nm and Poly(SNS10P) is 476 nm.  
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Fig. 6.26 EL spectra of ITO / Poly(SNS10P)/Al and ITO/Poly(SNS6P)/Al based on the 
typical LED device set up (right image) 
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Fig. 6.27 Current-voltage and EL-voltage curve for the poly(SNS10P) based LED device 
whose spectrum is shown in Fig. 6.26 
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Current – voltage (I-V) and electroluminescence – voltage (EL-V) characteristics (Fig. 
6.27) were recorded simultaneously using the Keithley 237 source measure unit and a 
silicon photodiode with integrated amplifier (EG & G HUV- 4000B) for the detection of 
total light output. A voltage signal from the photodiode was recorded with a Hewlett 
Packard 34401A multimeter. The electrical property of Poly(SNS10P) based LED's 
showed typical diode characteristics as conventional LEDs. Fig. 6.27 shows the 
dependences of the current and electroluminescence intensity of Poly(SNS10P)-LED on 
the electric field. The described Poly(SNS10P)-LEDs show onset of electroluminescence 
at the electric field of 5.5 x 107 Vm-1, where the EL intensity increased sharply. 
For all colours to be displayed correctly, under all ambient light conditions, a broad-
spectrum light source is needed (i.e. white light). The development of high-efficiency 
white LEDs has made them an attractive alternative to illuminate the display. 
6.5 Summary of Polymer Characterization 
 
Both chemical and electrochemical grafting of PPY films on oxide substrates was 
successful. Variation of the pyrrole to oxidant ratios influences the thickness of the 
deposited PPY layer. Thickness and morphology of the polymer films were studied by 
AFM and SEM. The film thickness could be adjusted between several hundreds of 
nanometer by varying the polymerization conditions. 
The tape-test confirmed the strong adhesive bonding of the polymer to the modified 
substrate. The PPY film on the oxide substrate was slightly overoxidised. This 
observation from grazing-angle FTIR was confirmed by XPS. PPY showed typical 
semiconducting properties with a flat band potential of 0.62 VSCE. XPS studies revealed a 
doping level of 32% in the PPY film deposited on modified ITO substrates. 
Besides PPY, Poly(SNS) and Poly (SNSnP) were studied for their properties. Poly(SNS) 
was found to be soluble in the reduced form in 0.1M NEt4PF6 electrolyte solution in 
acetonitrile. The optical properties of Poly(SNS) were studied by UV-Vis spectroscopy. 
It showed that the polaron peaks present freshly oxidized Poly(SNS) disappear after half 
an hour. This implies that it self-reduction of Poly(SNS) occurs in solution. 
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Electrochemically deposited polymer films (Poly(SNS), Poly(ArP) and Poly(SNSnP)) on 
ITO were studied by UV-Vis spectroscopy, XPS, grazing-angle FTIR spectroscopy, four-
point conductivity measurement and electroluminescence. 
UV-Vis spectra showed typical optical transitions of the polymer in the oxidised state. 
The peaks at ~ 320 nm (4.11 eV) is from the π−π* transition of a conjugated polymer 
main chain, which is equal to the band gap of the polymer and the one at 600-650 nm 
(2.21-2.04 eV) is due to polaron band. 
Grazing-angle FT-IR of homopolymer, poly(SNSnP) showed interesting results. We 
observed the peaks due to P-OH at 1111 cm-1 indicating that the phosphonic acid is free 
on the top. The results were in accordance with XPS of the homopolymer films. This 
could find application as ion sensor as phosphonates are known to be good chelating 
agents.  
Comparison of the EIS and four-point conductivity measurements for the homopolymers 
SNSnP and Poly(SNS) indicate a drop in the conductivity in case of substituted 
hompolymers. 
 Poly(SNSnP) based LED device show white emission in the EL spectrum, which can 
find promising application for the development of colored LEDs for display. 
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CHAPTER 7 
Conclusion 
 
Conducting polymers find variety of application in many areas in microelectronics. PPY 
and PT are among the most extensively studied intrinsically conducting polymers. The 
problem of poor adhesion of the electrochemically deposited conducting polymers was 
the main focus of this work. This easy peeling of the PPY layer from the oxide substrate 
was circumvented by design of novel adhesion promoters, which compatibilise the two 
incompatible surfaces- the polymer film and the oxide substrate. 
The complete task can be divided into three categories- (i) Synthesis and characterization 
of these novel derivatives, (ii) Adsorption and characterization on metal/ metal oxide 
substrates, and (iii) Preparation of the adhesive conducting polymer films on the surface. 
The most challenging task of synthesis was successfully accomplished. The first part of 
the research was focused on the synthesis of different classes of adhesion promoters. 
These monomers were based on monoheterocyclic derivative of 3-substituted pyrrole and 
a tricyclic derivative of 2,5-dithienylpyrrole. The synthesized monomers were 
bifunctional with a specified and defined task for each group. Pyrrole based monomers, 
3-phenyl N-alkyl pyrrolyl phosphonic acids referred as C10PhP and C12PhP were 
prepared in good yields and characterized by 1H-NMR, FT-IR, and elemental analysis to 
confirm the identity of the derivatives.  
The monomers based on 2,5-dithienylpyrrole were synthesized with different anchoring 
groups namely, -Si(OMe)3 and-PO3H2 and spacer groups (n= 4, 6, 10, 12, benzyl). 
SNSnP for [(2,5-dithiophen-2-yl-pyrrol-1-yl)-dodecyl]-phosphonic acid, SNSnTMS for 
[(2,5-dithiophen-2-yl-pyrrol-1-yl)-alkyl]-trimethoxysilane and ArP for 4-(2,5-di-
thiophen-2-yl-pyrrol-1-yl)-1-yl)-benzyl]-phosphonic acid was used as acronym for 
further references. 
A four-step procedure was adopted for synthesis with good yields in every step. The 
longer chain derivatives (n= 10, 12 for SNSnP and n= 11 for SNSnTMS) were always 
easy to synthesize and more stable than the short alkyl spacer length. The derivatives are 
sensitive to oxygen and high temperature; therefore need to be stored under inert 
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atmosphere at low temperatures (0-4°C). Routine analytical tools were used to 
characterize the derivatives. 
The monomers are redox active. Cyclic voltammetry was used for the estimation of 
oxidation potential. It is between 0.45-0.6 V vs Ag/AgNO3. The optical properties of the 
monomers in solution were studied by UV-Vis spectroscopy.  
Synthesis was followed by adsorption on metal/metal oxide substrates. Various analytical 
tools of different sensitivities were used to characterize the thin films of few nanometers. 
It is known that phosphonic acid adsorb very fast on oxide substrates. The first indication 
of successful adsorption was obtained from contact angle and microdroplet density 
measurements. The two methods yield complementary information, µdd chiefly 
indicative of surface heterogeneity unlike contact angle, which gives us an idea about the 
surface wettability. High contact angles (~ 90-95° for SNSnP and 100-110° for 
SNSnTMS) compared to the uncoated blank substrate (~ 40-55°) gave the first indication 
of the change in surface property. Advancing (θa) and receding (θr) contact angle 
measurement for repeated cycling by Wilhelmy method was investigated to check the 
stability of the adsorbed layer and its dependence on chain length. Long chain derivatives 
were quite stable. The θa showed a variation of only few degrees between the first and the 
last cycle (8th). The SNSnTMS can be good adsorbed on the pretreated surface with a low 
concentration of 0.5 %V to yield a densely covered area.  
UV-Vis of the modified substrate confirmed the presence of the molecules on the surface.  
The adsorption kinetics was studied by surface plasmon resonance spectroscopy on 
special substrates, LaSFN9/ 45 nm Au/ 2.5 nm Al2O3. The angle scans after kinetic study 
and washing with ethanol and before adsorption were compared. The shift in the angle of 
TIR reflects changes in the refractive index of the surface after adsorption. The kinetic 
curve reaches a plateau after 1h of measurement.  
Grazing-angle FTIR also confirms the presence of these molecules on the surface. The 
comparison of the bulk and the adsorbed spectra indicate the participation of the 
phosphonic acid group in adsorption. The disappearance and change in shape of the peak 
of P=O and P-OH respectively, indicate a bidentate, tridentate or mixed mode of bonding 
on the surface. For silane derivative, we observe the conversion the Si(OCH3)3 to Si-O-Si 
linkage during the adsorption on Ti/TiO2 surface. 
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The orientation of the bifunctional molecules on the modified surface was investigated by 
angle-resolved XPS. Ratio of the marker atoms, S/P or N/P for SNSnP and N/Si for 
SNSnTMS with increasing detector angle confirmed that the molecules are oriented with 
phosphonic acid group bound to the surface and free polymerisable group on the top. The 
shift in the binding energy of P=O to a higher value implies donation of electrons to the 
metal by cleavage of P=O bond. Also the shift of P-OH to lower binding energy is likely 
due to deprotonation of the phosphate acid head group upon coordination to the metal 
surface (formation of M-O-P bond) and corresponding formation of negative charge on 
the phosphate head group. 
After confirming the presence of the molecules in a right oriented manner on oxide 
substrates, they acted as ready substrate for grafting the conducting polymer layers.  
Both chemical and electrochemical grafting of PPY films on oxide substrates were 
successful. Variation of the pyrrole to oxidant ratios influences the thickness of the 
deposited PPY layer. Thickness and morphology of the polymer films were studied by 
AFM and SEM. The film thickness could be adjusted between several hundreds of 
nanometer by varying the polymerization conditions. 
The tape-test confirms the strong adhesive bonding of the polymer to the modified 
substrate. The PPY film on the oxide substrate was slightly overoxidised. This was 
observation from grazing-angle FTIR was confirmed by XPS. 
Besides PPY, Poly(SNS) and Poly(SNSnP) were studied for their properties. The optical 
properties of Poly(SNS) were studied by UV-Vis spectroscopy. It showed that the 
polaron peaks present freshly oxidized Poly(SNS) disappear after half an hour. This 
implies that it self-reduction of Poly(SNS) occurs in solution. 
Electrochemically deposited polymer films of (Poly(SNS), Poly(SNSnTMS), Poly(ArP) 
and Poly(SNSnP))  was investigated by UV-Vis spectroscopy, XPS, grazing-angle FTIR 
spectroscopy, four-point conductivity and I-V and luminance - voltage characteristics. 
UV-Vis spectrum shows typical optical transitions of the polymer in the oxidised state. 
The peaks at ~ 320 nm (4.11 eV) is from the π−π* transition of a conjugated polymer 
main chain, which is equal to the band gap of the polymer and the one at 600-650 nm 
(2.21-2.04 eV) is due to polaron band. 
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Grazing-angle FT-IR of the homopolymer, poly(SNSnP) showed interesting results. We 
observed the peaks due to P-OH at 1111 cm-1 indicating that the phosphonic acid is free 
on the top. This can find application as ion sensor because phosphonates are known to be 
good chelating agents.  
Comparison of the EIS and four-point conductivity measurements for the homopolymers 
of SNSnP and Poly(SNS) indicated a drop in the conductivity in case of substituted 
hompolymers.  
Poly(SNSnP) based LED device give white emission. EL spectra show broad bands, 
which cover the entire spectrum. They can be studied further for the development of light 
emitting diodes of different colours. 
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CHAPTER 8 
Suggestions for Future Work 
Conducting polymers exhibit a wide range of tunable properties that make them ideal for 
use as sensors. Examples of applications are chemical, mechanical, optical, thermal, 
acoustic, and electrical sensors. Most of these sensor modalities involve changes in the 
electronic structure of the polymer resulting from chemical, mechanical, optical, thermal 
and acoustic stimuli.  
PPY find a variety of applications in humidity and gas sensors [11-15], in corrosion 
protections [16-19] and in rectifying double layer devices [20, 21] etc. However, the 
weak adhesion of the PPY film on the electrode limits its application in the respective 
areas. We can graft adhesive PPY films of adjustable thickness by variation of the 
polymerization conditions. Such strongly bonded films can find application for corrosion 
protection. Investigations need to be done for suitable dopants (during 
electropolymerisation), which inhibit corrosion. 
PPY coatings can be used as humidity sensors [359] because of the inherent property of 
the PPY to form hydrogen bonds with water (Scheme 8.1). Depending on the operating 
principles, the humidity sensors can be classified into three categories based on (i) The 
change in electrical resistivity; (ii) The change in capacitance; and (iii) The gravimetric 
change on absorbing water vapour (eg. quartz crystal oscillator). 
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As the recognition of the possible effects of metal (e.g., certain transition- and post-
transition-metal ions) is of paramount importance to human health, there has been 
considerable effort directed toward the design and development of chemosensors for 
metal ions. 
The homopolymer films of SNSnP have free phosphonic acid group, which can be used 
for detection of metal ions. Phosphonic acids are known to be good chelating agents and 
the complexation can be speculated as in Scheme 8.2. The detection can be followed both 
by electrical and optical transducers.  Poly(SNSnP) films are conducting, therefore 
conductometry can be used as a sensing mode. Potentiometric transduction mode can also 
be used. It is a very simple form of sensing, in which the conducting polymer serves as a 
sensing membrane and changes in the open-circuit potential (i.e., an electrochemical cell 
potential at zero current) are measured as the sensor signal. 
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Novel poly(SNSnP) based LED device show white emission in EL spectra. They can be 
studied further for the development of light emitting diodes of different colours.  
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